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Figure 2b, structure of the polycomb repressive complex 
1 (PRC1)-nucleosome complex (PDB 4R8P). The members 
of the PRC1 complex, UbcH5c (green), really interesting 
new gene (RING)1a (blue), and Bmi1 (gray), sit atop the 
nucleosome, positioning the active site of the E2 adja-
cent to Lys-119 of histone H2A (orange). Other histone 
components, histone H2B 1.1 (yellow), histone H3.2 (dark 
pink), and histone H4 (maroon), play roles in positioning 
the complex for proper ubiquitylation.
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Transcriptional Regulation of
Adipocyte Differentiation:
A Central Role for CCAAT/
Enhancer-binding Protein
(C/EBP) �*
Published, JBC Papers in Press, December 1, 2014, DOI 10.1074/jbc.R114.619957

Liang Guo, Xi Li, and Qi-Qun Tang1

From the Key Laboratory of Metabolism and Molecular Medicine, the
Ministry of Education and Department of Biochemistry and Molecular
Biology, Fudan University Shanghai Medical College,
Shanghai 200032, China

A detailed understanding of the processes controlling adipo-
genesis is instrumental in the fight against the obesity epidemic.
Adipogenesis is controlled by a transcriptional cascade com-
posed of a large number of transcriptional factors, among which
CCAAT/enhancer-binding protein (C/EBP) � plays an essential
role. During 3T3-L1 adipocyte differentiation, C/EBP� is induced
early to transactivate the expression of C/EBP� and peroxisome
proliferator-activated receptor � (PPAR�), two master transcrip-
tion factors for terminal adipocyte differentiation. Studies in
recent years have revealed many new target genes of C/EBP�,
implicating its participation in many other processes during adipo-
genesis, such as mitotic clonal expansion, epigenetic regulation,
unfolded protein response, and autophagy. Moreover, the function
of C/EBP� is highly regulated by post-translational modifications,
which are crucial for the proper activation of the adipogenic pro-
gram. Advances toward elucidation of the function and roles of the
post-translational modification of C/EBP� during adipogenesis
will greatly improve our understanding of the molecular mecha-
nisms governing adipogenesis.

Adipose tissue is not only a key depot for energy storage but
is also involved in the dynamic regulation of metabolism (1).
The upsurge of adipose tissue mass plays a central role in obe-
sity-related complications such as type 2 diabetes, hyperten-
sion, hyperlipidemia, and arteriosclerosis (2). Both the increase
of adipocyte size (hypertrophy) and the increase of adipocyte
number (hyperplasia) are major contributors to the develop-
ment of obesity (3). Thus, a tight control of adipocyte develop-
ment and function is critical in maintaining whole body energy
homeostasis, and a full understanding of the mechanisms reg-

ulating adipose formation would provide precious information
on the way to control of obesity.

Much of our knowledge of adipocyte differentiation has been
obtained by studying adipocyte cell culture models. The
3T3-L1 cell line is one of the best studied cellular models (4).
Upon the treatment with differentiation inducers (a combina-
tion of 3-isobutyl-1-methylxanthine, dexamethasone, and
insulin), growth-arrested 3T3-L1 preadipocytes re-enter the
cell cycle, a process referred to as mitotic clonal expansion
(MCE),2 which contributes to the hyperplasia of adipocytes.
The adipogenic gene expression program is initiated during
and after 2–3 rounds of MCE, ultimately leading to terminal
adipocyte differentiation (5).

The adipogenic program requires a cascade of multiple tran-
scription factors (6), among which is CCAAT/enhancer-bind-
ing protein � (C/EBP�), an important transcriptional factor
belonging to the leucine zipper family. Knockdown of C/EBP�
in 3T3-L1 preadipocytes blocks adipogenesis (7, 8), whereas its
overexpression is sufficient to induce 3T3-L1 adipocyte differ-
entiation without the hormonal inducers normally required (9).
The functional importance of C/EBP� during adipocyte devel-
opment has also been demonstrated in vivo. Disruption of the
C/EBP� gene in mice caused decreased fat mass because of
impaired development of adipose tissue (10). Thus, C/EBP�
plays a crucial role during adipocyte differentiation.

As an important early factor of adipogenesis, C/EBP� is
induced rapidly after the addition of adipogenic stimuli and is
responsible for inducing the expression of C/EBP� and perox-
isome proliferator-activated receptor � (PPAR�), two master
adipogenic transcription factors, by binding to their promoters
(11). In this way, C/EBP� promotes terminal adipocyte differ-
entiation. Besides the abovementioned function, a number of
studies have illuminated additional roles of C/EBP� during adipo-
genesis, through its transcriptional regulation of many new target
genes. Furthermore, the function of C/EBP� is elaborately regu-
lated by post-translational modifications (PTMs), including phos-
phorylation, acetylation, methylation, O-GlcNAcylation, ubiquiti-
nation, and SUMOlation. Herein, the new functions and PTMs of
C/EBP� during adipogenesis will be reviewed.

Role and Mechanism of C/EBP� in Mitotic Clonal
Expansion

Despite some controversy (12), multiple studies indicate that
MCE is a necessary step for the terminal adipocyte differentia-
tion of 3T3-L1 preadipocytes. The extracellular signal-regu-
lated kinase kinase (MEK) inhibitor U0126 and cyclin-depen-
dent kinase inhibitor roscovitine, which inhibit the cell cycle at
different points, block MCE as well as adipogenesis (5, 13). The* This work was supported, in whole or in part, by National Key Basic Research

Project Grant 2011CB910201 and 2013CB530601, State Key Program of
National Natural Science Foundation Grant 31030048C120114, Shanghai
Key Science and Technology Research Project 10JC1401000 (to Q. Q. T.),
National Natural Science Foundation Grant 30870510 (to X. L.), National
Natural Science Foundation Grants 31000603 and 31370027 (to L. G.).

This work is dedicated to the memory of Professor M. Daniel Lane, our friend
and mentor and a pioneer in understanding mechanisms of adipocyte
differentiation.

1 To whom correspondence should be addressed. Tel.: 86-21-54237198; Fax:
86-21-54237290; E-mail: qqtang@shmu.edu.cn.

2 The abbreviations used are: MCE, mitotic clonal expansion; C/EBP�, CCAAT/
enhancer-binding protein �; C/EBP�, CCAAT enhancer binding protein �;
IRE1�, inositol-requiring enzyme 1�; PKM2, M2 isoform of pyruvate kinase;
PIAS1, protein inhibitor of activated STAT1; PTM, post-translational modi-
fication; PPAR�, peroxisome proliferator-activated receptor �; SUMO, small
ubiquitin-like modifier; UPR, unfolded protein response; XBP1, X-box binding
protein 1; PRMT4/CARM1, protein arginine methyltransferase 4; CBP, CREB-
binding protein; CREB, cAMP-response element-binding protein.
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DNA synthesis inhibitor aphidicolin and the anti-proliferation
reagent rapamycin also block MCE and 3T3-L1 preadipocyte
differentiation (14, 15). Moreover, knockdown of histone acetyl-
transferase binding to ORC1 (HBO1), a positive regulator for the
initiation of DNA replication, impairs the ability of 3T3-L1 preadi-
pocytes to differentiate into mature adipocytes by inhibiting DNA
replication and MCE (16). It is hypothesized that DNA replication
during MCE increases the accessibility of promoter or enhancer
elements to factors required for transcription of genes involved in
the initiation of differentiation (17).

Several lines of evidence have shown that C/EBP� is involved
in MCE. When subjected to the same differentiation protocol
as 3T3-L1 preadipocytes, a subset of mouse embryo fibroblasts
undergoes MCE and terminal differentiation into adipocytes.
Mouse embryo fibroblasts from C/EBP��/� mice, however,
neither undergo MCE nor differentiate into adipocytes (5). Fur-
thermore, knockdown of C/EBP� by siRNA in 3T3-L1 preadi-
pocytes prevents MCE as well as adipocyte differentiation (7).
Additionally, overexpression of a dominant-negative C/EBP�
(A-C/EBP) that blocks C/EBP� DNA binding activity by dimeriz-
ing through its leucine zipper (18) also disrupts MCE and adipo-
genesis in 3T3-L1 cells (19). Intriguingly, C/EBP� takes part in the
proliferation of certain other cell types such as lobuloalveolar cells,
osteoblasts, and keratinocytes (20–22), further supporting an
important role of C/EBP� in cell proliferation.

To understand how C/EBP� promotes MCE, a promoter-
wide ChIP-on-chip analysis combined with gene expression
microarrays was performed to identify the potential target
genes of C/EBP� at the early stage of 3T3-L1 adipocyte differ-
entiation (8). Four cell cycle genes (Cdc45l, Mcm3, Gins1, and
Cdc25c) and the chromatin assembly gene histone H4 were
identified as C/EBP� target genes. Mcm3 is a component of
MCM2–7 (mini-chromosome maintenance proteins 2–7)
complex, whereas Gins1 is a subunit of GINS (go-ichi-ni-san)
complex. Cdc45l, MCM2–7, and GINS form a large complex
referred to as CMG, which is involved in the regulation of
eukaryotic chromosomal DNA replication (23). Cdc25c is a
phospho-tyrosine phosphatase that contributes to S-phase and
M-phase entry of the cells (24). Histone H4 is the most highly
conserved and strictly cell cycle-regulated nucleosomal protein
critical for normal progression of S phase (7). Knockdown of
these four cell cycle genes and histone H4 significantly impaired
MCE, whereas ectopic expression of these genes together sig-
nificantly reverses the inhibitory effect of C/EBP� siRNA on
MCE, indicating that these genes are important downstream
effectors of C/EBP� to promote MCE (8).

Growing lines of evidence have indicated that epigenetics
play an essential role in adipogenesis (25–27). Kdm4b is a Jmjc-
domain-containing histone demethylase for H3K9me3 (28).
Studies have shown that Kdm4b is required for estrogen recep-
tor � (ER�)-regulated breast cancer progression and mammary
epithelial cell proliferation (29). Interestingly, Kdm4b has been
shown to be required for MCE (8). It is identified as a target
gene of C/EBP� and functions as a co-factor of C/EBP� to de-
methylate H3K9me3 in the regulatory regions of C/EBP�-reg-
ulated cell cycle genes and chromatin assembly gene as men-
tioned above, thereby promoting their expression and MCE (8).
Thus, a profound role for C/EBP� in the epigenetic control is

revealed, suggesting a novel feed forward mechanism involving
C/EBP� and Kdm4b in the regulation of MCE. It should be
noted that the function of C/EBP� and Kdm4b is specific to
MCE because knockdown of C/EBP� or Kdm4b neither affects
the expression of these cell cycle genes and histone H4 nor
impairs cell proliferation in pre-confluent 3T3-L1 preadi-
pocytes (8). It is possible that additional co-factors or a specific
PTM of C/EBP�, which might be absent in pre-confluent
3T3-L1 cells, are required for C/EBP� and Kdm4b to ensure
MCE. In addition, it is noteworthy that deletion of C/EBP�
results in retarded proliferation of mammary epithelial cells
and severe inhibition of lobuloalveolar development (20),
which is similar to the phenotype of conditional deletion of
Kdm4b in mammary epithelium (8). Therefore, it would be
interesting to investigate the potential collaboration between
C/EBP� and Kdm4b during mammary gland development.

C/EBP� activates the expression of PPAR� and C/EBP� by
directly binding to their promoters. Although C/EBP� is
induced very early in adipocyte differentiation, the expression
of PPAR� and C/EBP� occurs much later (11). This lag appears
necessary because PPAR� and C/EBP� are both anti-mitotic,
and their premature expression would otherwise prevent MCE,
a required step for adipocyte differentiation. G9a is an impor-
tant euchromatic methyltransferase that is responsible for the
majority of H3K9me2 in the cells (30). Recent evidence suggests
that G9a-mediated H3K9me2 mainly associates with transcrip-
tional silencing (31). G9a plays important roles in various bio-
logical processes and has been shown to be a repressor of adi-
pogenesis (27). In 3T3-L1 cells, a transient induction of G9a by
C/EBP� was detected during MCE (32). Then, G9a inhibited
PPAR� and C/EBP� expression through H3K9 dimethylation
of their promoters. Hence, C/EBP� up-regulates G9a that
delays the transactivation of PPAR� and C/EBP� so as to guar-
antee MCE, providing another line of evidence for the partici-
pation of C/EBP� in epigenetic regulation.

The embryonic M2 isoform of pyruvate kinase (PKM2) has
attracted much attention because of its critical role in aerobic
glycolysis of tumor cells, namely the Warburg effect (33).
Instead of PKM1, tumor cells commonly express PKM2, which
may contribute to the metabolism shift from oxidative phosphor-
ylation to aerobic glycolysis and tumorigenesis (34). Besides,
PKM2 has also been reported to promote tumor growth via regu-
lating cell cycle progression and oncogene expression (35, 36). Of
interest, PKM2 expression is elevated during the early stage of
3T3-L1 adipogenesis, and knockdown of PKM2 compromises
MCE (37). Further studies, however, are needed to investigate
the mechanism of PKM2 in MCE. Importantly, PKM2 is iden-
tified as a target gene of C/EBP� during MCE (37). Conse-
quently, transactivation of PKM2 by C/EBP� contributes to
facilitating MCE. Collectively, these findings (Fig. 1) provide
new clues to understanding the action of C/EBP� in the prolif-
eration of certain specific cell types.

Role of C/EBP� in Terminal Adipocyte Differentiation

C/EBP� is an important factor to initiate the transcriptional
cascades that culminate in the expression of two essential adi-
pogenic factors, PPAR� and C/EBP� (38). Apart from its well
established role in activating the expression of PPAR� and
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C/EBP�, studies in recent years have brought to light a number
of new targets of C/EBP�, which extends our knowledge of its
role in terminal adipocyte differentiation.

Unfolded protein response (UPR) is a complex signaling cas-
cade activated by the perturbations in endoplasmic reticulum
homeostasis to coordinate multiple signaling pathways and con-
trol a variety of physiologies (39). Among the three branches of
UPR, the inositol-requiring enzyme 1� (IRE1�)/X-box binding
protein 1 (XBP1) pathway, which plays a crucial role in glucose and
lipid metabolism as well as in insulin function, is the most con-
served branch (40). Because dramatic transformations take place
during the differentiation from preadipocytes to mature adi-
pocytes, it is hypothesized that adipocytes might exhibit increased
level of UPR so as to relieve the stress burden on the endoplasmic
reticulum imposed by the increased biosynthesis of protein and
lipids (41). A recent study demonstrates that adipogenesis is asso-
ciated with the increase of UPR and that the IRE1a-XBP1 pathway
is indispensable for adipogenesis (42). Knockdown of IRE1� or
XBP1 in 3T3-L1 cells significantly inhibits adipogenesis, and XBP1
could directly transactivate the expression of C/EBP�, a master
gene of adipogenesis, to promote adipocyte differentiation.
Intriguingly, C/EBP� is responsible for the induction of XBP1 by

binding to its proximal promoter region (42). Thus, through reg-
ulating the expression of XBP1, C/EBP� participates in the activa-
tion of UPR, a required process for adipogenesis.

Autophagy is a cellular process that delivers cytosolic com-
ponents to lysosomes for degradation (43). It is involved in a
variety of physiological and pathophysiological processes, such
as nutrient starvation, immune responses, tumor suppression,
cell death, and so on (44). Recent studies have demonstrated
that autophagy is required for cell differentiation of certain cell
types, including adipocyte differentiation (45, 46). Autophagy
was induced during adipogenesis, promoting the degradation
of Klf2 and Klf3, two negative regulators of adipocyte differen-
tiation, which is mediated by the adaptor protein p62/SQSTM1
(47). In 3T3-L1 cells, C/EBP� has been identified as an activator
of autophagy through the transactivation of Atg4b, an impor-
tant autophagy gene that exposes glycine from LC3 precursor at
its C terminus to form LC3-I and is essential for autophago-
some formation (47). Of interest, C/EBP� has been shown to
regulate circadian autophagy rhythm in the liver (48). These
findings highlight an important role of C/EBP� in controlling
the program of autophagy gene expression during some biolog-
ical processes, including adipogenesis.

FIGURE 1. Multiple roles of C/EBP� during adipogenesis. Besides its well known function in the direct transactivation of C/EBP� and PPAR�, many new roles
of C/EBP� during adipogenesis have been revealed in the past decade. At the early stage of 3T3-L1 adipocyte differentiation, C/EBP� transactivates the
expression of multiple cell cycle-related genes to facilitate MCE, a required step for terminal adipocyte differentiation. A novel feed forward mechanism
involving C/EBP� and Kdm4b in the regulation of MCE is illustrated. Moreover, C/EBP� transiently transactivates the expression of G9a, which delays the
expression of C/EBP� and PPAR�, two anti-proliferation factors, so as to ensure MCE. The transactivation of Kdm4b (a histone demethylase) and G9a (a histone
methyltransferase) by C/EBP� provides evidence for the epigenetic control of MCE by C/EBP�. At the late stage of 3T3-L1 adipocyte differentiation, C/EBP� is
involved in the activation of UPR and autophagy, through the transactivation of Xbp1 and Atg4b, respectively. In addition, C/EBP� activates the expression of
some other transcriptional factors and inhibits the expression of Wnt10b, an anti-adipogenic factor. Together, these effects ultimately lead to the activation or
up-regulation of C/EBP� and PPAR�, thereby promoting terminal adipocyte differentiation. Black solid lines with arrowheads or blunt ends indicate transcrip-
tional regulation of gene expression. Black dashed lines with arrowheads indicate promotion of activity. A black dashed line with a blunt end indicates inhibition
of protein stability. Blue dashed lines with arrowheads indicate promotion of biological processes.
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Many other target genes of C/EBP� have been reported and
shown to be important for terminal adipocyte differentiation. For
instance, C/EBP� transactivates the expression of Klf5, sterol-re-
sponsive element-binding protein 1c (SREBP1c), and early B-cell
factor 1 (Ebf1). Klf5 is a key transcription factor for adipogenesis
through promoting PPAR� expression (49). SREBP1c is an impor-
tant pro-adipogenic transcriptional factor that regulates the
expression of many lipid metabolism genes and contributes to
the generation of endogenous PPAR� ligands (50). Ebf1 pro-
motes adipogenesis by activating PPAR� transcription (51). On
the other hand, C/EBP� is involved in suppression of Wnt/�-
catenin signaling through transcriptional inhibition of the expres-
sion of Wnt10b, a major Wnt ligand that inhibits adipogenesis
(52). Taken together, these findings shed light on the multiple roles
of C/EBP� in terminal adipogenic differentiation (Fig. 1).

Post-translational Modifications (PTMs) of C/EBP�
during Adipogenesis

Because of the important role of C/EBP� in triggering the
adipogenic program, it is necessary to gain mechanistic insights
into the regulation of C/EBP� so as to better understand the pro-

cess controlling adipogenesis. The regulation of C/EBP� during
adipogenesis occurs at multiple levels, including transcriptional
regulation, translational regulation, and PTM. Studies on the
PTMs of C/EBP�, including phosphorylation, O-GlcNAcylation,
acetylation, methylation, ubiquitination, and SUMOlation, have
progressed a lot in recent years, and this progress will be discussed
in detail here (Fig. 2). Some of the studies that did not investigate
cells during adipogenesis will also be discussed, which might help
us better understand the PTMs of C/EBP�.

Regulation of signaling transduction depends not only on the
identity of phospho-sites but also on when phosphorylation
events occur. Studies have shown that sequential phosphoryla-
tion of C/EBP� is critical for 3T3-L1 adipocyte differentiation
(53). C/EBP� is expressed rapidly after adipogenic induction
(�4 h) and phosphorylated on Thr-188 by MAPK. After 10 –12
h of induction, 3T3-L1 cells re-enter the cell cycle, and the
activity of MAPK falls off. When the cells enter S-phase, the
rising activity of CDK2/cyclin A keeps maintaining the C/EBP�
phosphorylation on Thr-188 (13). At the onset of S-phase,
GSK3� translocates into the nucleus and C/EBP� is phosphor-
ylated by GSK3� on Ser-184 or Thr-179 (53). Phosphorylation

FIGURE 2. The PTMs of C/EBP� during adipogenesis. A, phosphorylation. C/EBP� is phosphorylated on Thr-188 by MAPK (2–12 h after adipogenic induction)
and by CDK2 (12–24 h after adipogenic induction), followed by GSK3�-mediated phosphorylation on Ser-184 or Thr-179. This dual phosphorylation induces
conformational changes in C/EBP�, which activates its DNA binding and facilitates adipogenesis. B, O-GlcNAcylation. The modification of O-GlcNAc on Ser-180
and Ser-181 of C/EBP� prevents its phosphorylation on Thr-188, Ser-184, and Thr-179, thus suppressing its DNA binding activity. OGA, �-N-acetylglucosamini-
dase; OGT, �-N-acetylglucosaminyltransferase. C, acetylation. In general, acetylation of C/EBP� increases its transcriptional activity to promote adipogenesis.
D, methylation. PRMT4/CARM1 dimethylates C/EBP� on Arg-3, which interferes with the interaction between C/EBP� and SWI/SNF and inhibits adipogenesis.
MAPK/CDK2-mediated phosphorylation on Thr-188 could block PRMT4/CARM1-mediated dimethylation of C/EBP� on Arg-3. E, SUMOlation and ubiquitina-
tion. PIAS1-mediated SUMOlation of C/EBP� on Lys-133 promotes its ubiquitination and proteasomal degradation, thereby suppressing adipogenesis. SUMO-
specific protease SENP2 reverses the SUMOlation of C/EBP� to promote adipogenesis. The cross-talks between different types of PTMs are indicated by red solid
lines with arrowheads or blunt ends. The black solid lines with arrowheads at both ends indicate protein interaction.
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of Thr-188 appears to prime C/EBP� for the subsequent phos-
phorylation on Ser-184 or Thr-179. Studies indicate that this
dual phosphorylation induces a conformational change in
C/EBP� that allows dimerization through its C-terminal leu-
cine zipper domain. Dimerization brings the adjacent basic
regions into position to hold the C/EBP regulatory elements of
its target genes in a “scissor-like” grip (54). All these actions of
the dual phosphorylated C/EBP� facilitate its DNA binding and
transcriptional regulatory activities. Recent studies showed that
phosphorylation also contributes to the stability of C/EBP�. Both
ex vivo and in vitro experiments indicated that phosphorylation on
Thr-188 by MAPK or CDK2/cyclin A protected C/EBP� from
calpain-mediated proteolysis (55).

Protein O-GlcNAc glycosylation is a widespread PTM for
both nuclear protein and cytoplasmic protein. It is different
from the classical glycosylation of secreted proteins and mem-
brane protein, but is similar to phosphorylation on some level.
Both O-GlcNAcylation and phosphorylation can take place on
serine and threonine residues. It has been demonstrated that
C/EBP� could be modified by O-GlcNAcylation on Ser-180 and
Ser-181, which are very close to its phosphorylation sites (Thr-
188, Ser-184, Thr-179) (56). Studies have proved that the
O-GlcNAcylation of these two sites suppressed the phosphor-
ylation on the adjacent sites, thereby delaying 3T3-L1 adipocyte
differentiation (56). Thus, O-GlcNAcylation of C/EBP� modu-
lates its phosphorylation and transcription activity through the
adjacent sites-mediated competition.

Protein acetylation contributes to the protein interaction
with DNA and/or other proteins, like co-activators and other
transcriptional regulators. C/EBP� has a plurality of acetylation
sites, whose acetylation can modulate its function. Cesena et al.
(57) discovered that the nuclear co-activator p300 possesses
acetyltransferase activity and modifies C/EBP� on multiple
lysine residues. The acetylation on Lys-39 of C/EBP� is critical
for its transcriptional activity. Furthermore, Lys-39 deacetyla-
tion mediated by HDAC1 down-regulates its activity during
adipogenesis (58). Wiper-Bergeron et al. (59) reported that, in
the process of glucocorticoid-induced preadipocyte differenti-
ation, acetylase GCN5 and p300/CBP-associated factor (PCAF)
mediate C/EBP� acetylation on Lys-98, Lys-101, and Lys-102,
and this acetylation acts as a molecular switch repressing the
interaction of C/EBP� with HDAC1 and reducing the affinity
between C/EBP � and the corepressor mSin3a. In some cases,
however, HDAC1 can strengthen the function of C/EBP�. Xu et
al. (60) reported that acetylation on Lys-215 and Lys-216
decreases the binding activity of C/EBP� to the promoter of
ID1 (inhibitor of DNA-binding protein), and HDAC1-medi-
ated deacetylation can activate this transcription.

Methylation modifies not only DNA and histone, but also
some transcription factors. Pless et al. (61) found that Lys-39 of
C/EBP� could be modified by histone methyltransferase G9a
and that this modification could inhibit its transcriptional
activity. Moreover, the interaction of C/EBP� with G9a could
be inhibited by C/EBP� phosphorylation (61). Kowenz-Leutz
et al. (62) showed the relationship between C/EBP� phosphory-
lation and arginine methylation. Protein arginine methyltrans-
ferase 4 (PRMT4/CARM1) interacts with C/EBP� and di-
methylates it on Arg-3. The phosphorylation of C/EBP� by Ras/

MAPK, however, blocks the interaction between C/EBP� and
PRMT4/CARM1 and inhibits the methylation on Arg-3. The
Arg-3 methylation constrains the interaction between C/EBP�
and SWI/SNF and inhibits adipocyte differentiation. Conse-
quently, C/EBP� phosphorylation by Ras signaling pathway
and arginine methylation reciprocally regulates the interaction
between C/EBP� and epigenetic complexes during adipocyte
differentiation.

The lysine residue is not only the substrate of acetylation and
methylation but is also modified by ubiquitin. Through the
sequential action of E1-activating enzyme, E2-binding enzyme,
and E3 ligase, the ubiquitin polymers are connected to the tar-
get proteins. Hattori et al. (63) found that the C/EBP family
proteins are degraded by the ubiquitin-proteasome pathway. In
the process of C/EBP protein ubiquitination, ubiquitin ligases
or modifying enzymes specifically recognize the monomer
form of C/EBP proteins, so as to remove the transcriptionally
inactive monomer of C/EBP proteins and maintain a basal level
of C/EBP proteins in cells. The homologous dimerization of
C/EBP� or the heterologous dimerization of C/EBP� with
other C/EBP family proteins can make the protein itself stable
(63).

With in-depth study of ubiquitination, the small ubiquitin-
like modifications (SUMOlation), have attracted more and
more attention. SUMOlation is a reversible PTM that regulates
the protein subcellular localization, nucleocytoplasmic trans-
portation, protein stability, and interaction, by the conjugation
of the small ubiquitin related modifier (SUMO) to target pro-
teins (64). Kim et al. (65) reported that C/EBP family proteins,
including C/EBP�, C/EBP�, C/EBP�, and C/EBP�, are modified
by SUMO. There is a conserved motif containing 5 amino acids
((I/V/L)KXEP) in C/EBP family proteins, and the lysine residue
in this motif is specific to SUMO modification (65). C/EBP� is a
SUMO target, and SUMO modification controls its transcrip-
tional activity. Eaton and Sealy (66) found that SUMO is con-
jugated to Lys-173 residue of C/EBP�, and blocking SUMOla-
tion on Lys-173 by Lys to Ala mutation relieves its repression on
cyclin D1 promoter. Subramanian et al. (67) found that SUMO
modification in the synergy control motifs of multiple C/EBP
molecules could limit their transcriptional activity. Berberich-
Siebelt et al. (68) also found that SUMO could be conjugated to
the lysine residue of C/EBP� in the conserved motif Ile/Val-
Lys-X-Glu of the central regulatory domain, which weakened
the inhibitory effect of C/EBP� on c-Myc in murine T cells.
Interestingly, this SUMOlation promoted the location of
C/EBP� around the centrosome of heterochromatin, which
suggests that SUMO could regulate C/EBP� function by chang-
ing its subnuclear localization (68). It was recently reported that
PIAS1, a SUMO E3 ligase, could interact with C/EBP� and
SUMOylate it on Lys-133, leading to increased ubiquitination
and degradation of C/EBP� (69). Consequently, PIAS1 is a neg-
ative regulator in adipogenesis by promoting the SUMOlation
and degradation of C/EBP�. Conversely, the SUMO-specific
protease Sentrin/SUMO-specific protease 2 (SENP2) plays a
critical role in promoting adipogenesis by de-SUMOlation and
stabilization of C/EBP� (70).

In summary, the modification of C/EBP�, involving the
cross-talks of different types of PTMs, finely tunes its function.
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Considering the fact that the current studies on C/EBP� PTMs are
performed in vitro, knock-in mice expressing PTM-related
C/EBP� mutants are needed to dissect the physiological relevance
of C/EBP� PTMs in regard to adipose tissue development.

Conclusion

Much progress has been made in the past decade in defining
the role of C/EBP� during adipogenesis. The expression and
activity of C/EBP� play a profound role in modulating a wide
array of target genes that are important in facilitating adipogen-
esis. Also, the identification and characterization of C/EBP�
target genes have provided critical information for understanding
the function of C/EBP� in adipogenesis. Meanwhile, the PTM
controlling C/EBP� function has been intensively explored. It
should be noted, however, that some studies on the role and reg-
ulation of C/EBP� are mainly based on murine cell models in vitro,
which heightens the need for further verifying these findings in
vivo and translating them from mouse to human. As our knowl-
edge of the multifaceted nature of C/EBP� during adipogenesis
increases, it is believed that C/EBP� and factors regulating its func-
tion will provide potential targets for the treatment of obesity-
related disorders.
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A general aim of studies of signal transduction is to identify
mediators of specific signals, order them into pathways, and under-
stand the nature of interactions between individual components
and how these interactions alter pathway behavior. Despite years of
intensive study and its central importance to animal development
and human health, our understanding of the Hedgehog (Hh) sig-
naling pathway remains riddled with gaps, question marks,
assumptions, and poorly understood connections. In particular,
understanding how interactions between Hh and Patched (Ptc), a
12-pass integral membrane protein, lead to modulation of the
function of Smoothened (Smo), a 7-pass integral membrane pro-
tein, has defied standard biochemical characterization. Recent
structural and biochemical characterizations of Smoothened
domains have begun to unlock this riddle, however, and lay the
groundwork for improved cancer therapies.

Members of the Hedgehog (Hh)3 family of secreted signaling
proteins are present in most metazoans and owe their name to
the effects that loss of Hh function has on Drosophila embryos,
which lose their normal segmented pattern and develop a uni-
form coat of bristles reminiscent of the coats of hedgehogs (1).
As presaged by this phenotype, Hh proteins mediate essential
tissue patterning events during many stages of animal develop-
ment (2), and abnormal Hh function is associated with birth
defects and cancer (3). Hh proteins are also involved in tissue
maintenance and wound repair in adult animals (4). Hh pro-
teins achieve their patterning effects by functioning as classical
morphogens (5). That is, Hh proteins form gradients of
decreasing concentration from sites of secretion and induce
concentration-dependent differentiation of distinct cell types
(6, 7). As befits a morphogen, Hh expression, release, diffusion,

and signal reception are tightly regulated by multiple factors
(8).

Classical and modern genetic techniques have identified sev-
eral cell-surface proteins and glycans involved in receiving or
modifying Hh signals (9). The core components of this process,
conserved in all organisms known to have active Hh signaling,
are Patched (Ptc) and Smoothened (Smo) (Fig. 1) (10 –13). Ptc
functions upstream of Smo and has been genetically and bio-
chemically defined as a primary component of the Hh receptor
(14, 15). Ptc is a 12-pass integral membrane protein with distant
homology to bacterial resistance-nodulation-cell division
(RND) transporters (16, 17). Transmembrane helices 2– 6 of
Ptc are also homologous to sterol-sensing domains, which are
found in diverse integral membrane proteins and regulate
activity in response to levels of free cellular sterols (18). Smo is
a member of the Frizzled family (class F) of G-protein coupled
receptors (GPCRs) (19), and contains an N-terminal, �14-kDa
extracellular cysteine-rich domain (CRD) connected via a
linker to 7 membrane-spanning helices (7TM) and an extended
(�200 amino acids, human; �450 amino acids, Drosophila)
C-terminal tail.

Hh signaling responses are modulated by additional cell-sur-
face components including CDO, BOC, Gas1, Hedgehog-inter-
acting protein, and glypicans in vertebrates and Ihog, BOI, and
the glypican Dally-like protein in flies (20 –29). These factors
either lack intracellular regions because of glycophosphatidyli-
nositol anchors (Gas1, glypicans) or have intracellular regions
that are not implicated in Hh signaling and do not appear to
transmit Hh signals across the cell membrane directly (14).
Instead, transmission of Hh signals across the membrane
appears to be mediated by Smo, the most downstream cell-
surface component of the Hh signaling pathway. Consistent
with this role, the cytoplasmic tail of Smo becomes heavily
phosphorylated and likely changes disposition when the Hh
pathway is active (30 –32). These changes are coupled to intra-
cellular signaling events that ultimately converge on members
of the Gli family of transcription factors, active forms of which
translocate to the nucleus and up-regulate expression of target
genes (33).

Recent discovery of the importance of Ptc and Smo local-
ization for normal Hh signaling has added additional com-
plexity to Hh pathway regulation. In vertebrates, Sonic Hh
(Shh) and Hh pathway agonists result in movement of Smo
from the plasma membrane to the primary cilium, a nonmo-
tile flagellar-like organelle present on most cells, and disper-
sal of Ptc from its previous localization at the base of the
primary cilium (34). Although movement of Smo to the pri-
mary cilium appears essential for normal Hh signaling in
vertebrates (35), this movement is neither sufficient for sig-
naling (36) nor conserved in flies (37), and a core signaling
capacity that is independent of ciliary localization must be
present in Smo. This minireview will focus on recent
advances in structural and biochemical characterization of
Smo, and readers are encouraged to consult other sources
for background on additional Hh pathway components.
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Patched and Smoothened

In unstimulated Hh-responsive cells, Ptc functions upstream
of Smo to inhibit its activity (2). Hh triggers signaling responses
by interacting with Ptc to relieve this inhibition, but both how
Ptc inhibits Smo and how Hh relieves this inhibition remain
unclear. As a small amount of Ptc is sufficient to inhibit a large
stoichiometric excess of Smo (16), Ptc does not appear to
inhibit Smo through a direct interaction. Rather, the homology
of Ptc to transporters and the ability of Smo activity to be mod-
ulated by small molecules have led to the widespread belief that
Ptc controls Smo through transport of a small molecule inter-
mediary (16). Indeed, the ability of Smo to bind and be inhibited
by the plant sterol cyclopamine led to the development of com-
pounds targeting the cyclopamine-binding site for the treat-
ment of cancers with abnormally active Hh signaling (38, 39).
As some Smo-binding compounds function as Hh pathway
agonists, it has been tempting to speculate that an endogenous
cyclopamine-like compound modulates Smo activity (40).
Indeed, the sterol vitamin D3 has been proposed to function as
a Ptc-dependent inhibitor of Smo (41), although this observa-
tion awaits confirmation.

Smoothened: 7TM Region

The absence of knowledge of the physiological factors respon-
sible for Smo activation (or inhibition) has presented a frustrating
barrier to understanding Hh pathway regulation, but several
recent results have begun to clarify this issue. Firstly, Stevens and
colleagues (42–44) have determined atomic resolution crystal
structures of the 7TM region of human Smo complexed with five
different small molecules, including cyclopamine. These landmark
structures show that, despite sharing less than 10% sequence iden-
tity with class A GPCRs such as rhodopsin and the �2-adrenergic
receptor (�2AR), the Smo7 TM region adopts an overall confor-

mation very similar to that of inactive class A GPCRs (Fig. 2A) (45).
As discussed in more detail below (46), this structural homology
couples with the observation that activating mutations in Smo
occur at sites that appear to stabilize the inactive state of class A
GPCRs to suggest that the 7TM region of Smo is likely to undergo
GPCR-like conformational changes during its activity cycle (45).
Such a conformational cycle would also be consistent with the
ability of Smo to signal through G-proteins in certain circum-
stances (47–52).

Although the overall fold of its 7TM bundle is conserved with
other GPCRs, Smo has additional features including an exten-
sion of extracellular loops (ECLs). All of the co-crystallized
compounds bind Smo in a long narrow pocket formed by the
ECL extensions and upper portions of the transmembrane
domains (Fig. 2) (42– 44). The drug-binding pocket is exposed
to the extracellular space, suggesting that drugs and any endog-
enous ligands access the pocket from the extracellular surface.
This extracellular accessibility contrasts with a class A GPCR
lipid receptor where the extracellular loops form a closed cage
and ligand is thought to access its binding site from within the
membrane (53). Although the CRD was deleted from the crys-
tallized Smo 7TM domain, the majority of the residues of the
extracellular linker between the CRD and the first TM
domain are present and adopt an ordered structure. Disul-
fide bonds both within the linker and between the linker and
the second extracellular loop appear to stabilize the linker
structure (Fig. 2A), and disruption of these disulfides results
in increased Smoothened activity (54). In addition, the extra-
cellular linker interacts with the extended extracellular loop
connecting TMs VI and VII (ECL3), which forms a cap over
the drug-binding pocket. This ordered linker region suggests
that the CRD may be directly coupled to the 7TM region and
influence its conformation.

FIGURE 1. Major transmembrane components of Hh signal reception and transduction. Ptc (left) represses Smo (right) through an unknown, indirect
mechanism. The interaction of Sonic hedgehog N-terminal domain (ShhN) with Ptc relieves Ptc-mediated repression of Smo. The sterol-sensing domain of Ptc
(TM II–TM VI) is colored blue. For Smo, the 8 cysteines mediating 4 disulfide bonds in the Smo ECLs are shown in green; D473H, a Vismodegib resistance
mutation, is in blue; W535L, a constitutively activating mutation, is in red; and C-tail sites of serine and threonine phosphorylation (indicated by pS/pT) are in
orange.
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The five compounds crystallized in the Smo-binding pocket
include an agonist (SAG1.5) and four antagonists (LY2940680,
SANT1, ANTA XV, and cyclopamine) (see Fig. 4A). All ligands
bind in the pocket with their long axes perpendicular to the
plane of the membrane but vary in their depth relative to the
extracellular outlet (Fig. 2B). At the extremes, cyclopamine
interacts predominantly with the extracellular loops, whereas
another antagonist, SANT-1, binds deep within the pocket,
which spans 28 Å from the top of cyclopamine to the bottom of
SANT1. Asp-473, a residue that when mutated to histidine con-
fers resistance to the anti-cancer agent Vismodegib (GDC-
0449) (55, 56), lines the drug-binding pocket but interacts dif-
ferently with different antagonists and does not confer
universal drug resistance (43). Asp-473 does not directly con-
tact LY2940680, for example, and the D473H substitution does
not affect the activity of LY2940680 (57). The variable suscep-
tibility of individual drugs to resistance mutations suggests that
second generation drugs or combination therapies may pro-
long the time to development of resistance.

LY2940680, cyclopamine, ANTA XV, and the agonist
SAG1.5 contact the Smoothened extracellular loops lining the
top of the ligand-binding cavity, but SANT1 binds more deeply
in the pocket and only contacts ECL2, which is positioned
within the 7TM region. In contrast to cyclopamine, which
binds more tightly to Smo than to a constitutively active Smo
variant bearing a single-site substitution (SmoM2), SANT1
binds both Smo and SmoM2 with equal potency (40). How the
position of SANT1 deep within the 7TM bundle correlates to
its ability to inhibit both Smo and SmoM2, whose W535L sub-
stitution occurs at the base of TM VII, is not clear. Also of
interest are the variable effects Smo antagonists have on Smo
localization. SANT1, LY2940680, and cyclopamine all inhibit

Smo function, but only cyclopamine promotes the transloca-
tion of a still inactive Smo to the primary cilium, indicating that
translocation and activation are separable functions.

The failure of Smo to adopt an active-like conformation
when bound to the agonist SAG1.5 is curious but not unprece-
dented for agonist-bound GPCRs (58). Binding of an agonist to
an apparently inactive state may reflect a low energetic barrier
between active and inactive states, conformational flexibility of
the active state (59), and/or the effects of truncation of Smo N-
and C-terminal regions. SAG1.5 binds in the same region of the
binding pocket as LY2940680, ANTA XV, and cyclopamine,
and Smo with SAG1.5 bound displays only slight alterations in
binding pocket residues. Larger conformational changes asso-
ciated with active state GPCRs, such as the movements of TMs
VI and VII to accommodate G-protein binding, are not seen in
the Smo-SAG1.5 structure. Crystallization of an active state of
Smo may require adding back the CRD or portions of the C-ter-
minal tail or co-crystallization with active conformation-spe-
cific nanobodies (60). Interesting features of the effects of these
different drugs on the conformational equilibria of intact Smo
and their relation to Smo function clearly remain to be worked
out.

Smoothened: Cysteine-rich Domain

A second major insight into Smo regulation emerged when
three groups independently showed that oxysterols, oxidized
derivatives of cholesterol, bind specifically to the Smo CRD and
activate the Hh signaling pathway (61– 63). Oxysterol binding
by the Smo CRD is functionally as well as physically separable
from small molecule binding to the 7TM site as deletion of the
Smo CRD results in loss of oxysterol activation of Smo but does
not affect the function of agonists and antagonists that target

FIGURE 2. Structures of the Smo 7TM domain. A, �2AR in complex with Carazolol (Protein Data Bank (PDB): 2RH1) and Smo in complex with LY2940680 (PDB:
4JKV) colored by GPCR helix number. Key Smo residues are shown in spheres (ECL disulfides are green; D473H is light blue; W535L is orange; and arrows mark
D473H and W535L). B, the five Smo 7TM crystal structures with bound ligands shown in spheres. (From left to right, PDB: 4O9R, 4QIN, 4QIM, 4JKV, and 4N4W.)
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the 7TM region (61). It had previously been shown that oxy-
sterols could modulate Hh signaling by affecting Smo function
(64 – 66). The site of oxysterol action was not characterized at
that time, although oxysterols did not appear to compete with
cyclopamine for binding to Smo (66).

The new studies all show that 20(S)-hydroxycholesterol
(20(S)-OHC) (see Fig. 4B) activates Smo by binding to the CRD.
Additionally, the Rohatgi and Siebold groups (63) were able to
determine the crystal structure of the zebrafish Smo CRD (Fig.
3B). All groups mapped the site of sterol action on the CRD via
mutagenesis and in silico modeling to a hydrophobic groove
that is homologous to the site at which the palmitoyl group of
Wnt binds to the Frizzled CRD (Fig. 3A) (61– 63, 67), confirm-
ing an earlier prediction based on structural homology that this
region of Smo and Frizzled CRDs would bind lipophilic mole-
cules (68). Curiously, the Drosophila Smo CRD does not bind to
20(S)-OHC (63), but it and human Smo CRD were recently
shown to bind to the glucocorticoid budesonide (Fig. 4B), sug-
gesting that sterol binding by the Smo CRD may be a conserved
feature of Hh signaling (69). Glucocorticoids represent an
interesting class of Smo modulators as both inhibitors and acti-
vators of the Hh pathway have been found with glucocorticoid
scaffolds, and budesonide inhibits WT Smo, SmoD473H, and
SmoM2 equally well, ideal features for a Smo-targeting drug
(70).

Variable specificity for 20(S)-OHC among Smo CRDs is per-
haps not surprising given that the absence of a cellular sterol
hydroxylase known to produce it makes it unlikely to be an
endogenous ligand (61). Assuming that endogenous ligands for
Smo CRDs exist, the question naturally arises of what that
ligand is. A survey of oxysterols for Smo modulatory activity
found that 7-keto-27-OHC and 7-keto-25-OHC, both metabo-
lites of 7-ketocholesterol, are able to stimulate Hh signaling in a
manner that depends on the presence of the CRD (61). Com-
pounds that bind the CRD and inhibit (azasterols, e.g. 22-aza-
cholesterol) (Fig. 4B) or partially agonize (20(R)-yne, 20-keto-

yne) Smo activity validate the Smo CRD as a potential drug
target and raise the possibility that an endogenous ligand for the
Smo CRD may be an inhibitor rather than an activator (62, 63).
More work is needed to identify and validate potential CRD
ligands, but it seems likely that such ligands exist, and their
discovery and characterization will take our understanding of
Hh pathway regulation in new directions.

Two immediately exciting prospects stimulated by the dis-
covery of a specific and functionally important sterol-binding
site on the Smo CRD were that it might be the route by which
Ptc modulates Smo activity or that it might rationalize why
cholesterol depletion reduces Hh signaling (71). Defying
Occam’s razor, however, oxysterol binding by the Smo CRD
cannot fully account for either of these processes. Deletion of
the CRD from Smo (�CRDSmo) alters but does not abolish
Shh-mediated pathway activation (61– 63). Although varying
levels of responsiveness of �CRDSmo to Shh have been re-
ported, this is likely due to varying tags and expression systems.
Rohatgi and colleagues (63) showed that oxysterol-binding
mutants of Smo retain negative regulation by Ptc and respond
to Shh. Beachy and colleagues (61) showed that deletion of the
CRD increases basal Smo activity, but this activity can be
reduced by co-expression with Ptc and restored by addition of
Shh, indicating that Ptc can exert its effects on Smo indepen-
dent of the CRD. Higher basal activity and Shh responsiveness
of �CRDSmo were also reduced by cyclodextrin depletion,
which reduces wild-type Smo activity (71), suggesting that the
CRD is also not essential for this process but rather that choles-
terol within the cell membrane is needed for normal Smo func-
tion. Indeed, a specific role for membrane-localized cholesterol
in Smo modulation has been suggested (61), although no
ordered cholesterol molecules were identified in the Smo crys-
tal structures. Modulation of Smo activity independent of the
CRD or cyclopamine-binding pocket is not unprecedented as
Itraconazole (Fig. 4C) acts on Smo at a site distinct from both
the canonical 7TM pocket and the CRD to inhibit Hh pathway
activity (72).

Cholesterol binding to the 7TM region of GPCRs is also not
unprecedented. The structure of �2AR bound to cholesterol
and the partial inverse agonist timolol led Stevens and col-
leagues (73) to propose a cholesterol consensus motif (CCM) in
class A GPCRs. The CCM comprises 3 residues predictive of
cholesterol binding: an aromatic residue (Trp or Tyr) at posi-
tion 4.50, a positively charged residue at or about position 4.43
that interacts with the cholesterol hydroxyl group, and a hydro-
phobic residue at position 4.46. The positions here refer to the
Ballesteros-Weinstein numbering for GPCRs (74), which
allows cross comparison of topologically equivalent residues in
GPCR TMs and was recently extended to class F GPCRs (42).
Interestingly, Smo Trp-3654.50 overlays well with �2AR Trp-
1584.50, which stacks against the sterol ring of cholesterol in the
�2AR structure with cholesterol bound. Although Smo does
not have a positively charged residue at position 4.43, Smo res-
idue His-3614.46 maps to the hydrophobic position 4.46 of the
CCM. A nitrogen on the imidazole ring of His-3614.46 is within
3.6 Å of the cholesterol hydroxyl group from cholesterol-bound
�2AR structure (73). Whether these highly conserved class F

FIGURE 3. Structures of class F GPCR CRDs. A, the structure of the mouse
Frizzled-8 CRD (Fz8 CRD) shown with the palmitoleic acid moiety (PAM) in red
(PDB: 4F0A). The position of Xenopus Wnt8 loop to which PAM is attached is
noted by a dashed black line. B, the structure of the zebrafish Smoothened
CRD with residues implicated in binding 20(S)-OHC shown in red (PDB: 4C79).
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residues, Trp-3654.50 and His-3614.46, act as an alternative cho-
lesterol-binding motif presents an intriguing possibility.

Targeting Smoothened in the Clinic

Hh pathway-activating mutations in the gene encoding Ptc,
and less commonly the gene encoding Smo, are found in sub-
sets of several cancers, most notably basal cell carcinoma (BCC)
and pediatric medulloblastomas (46, 75). Constitutively active
mutants of Smo found in sporadic BCC (W535L7.55 “SmoM2”)
and more recently in meningiomas and ameloblastomas
(W535L7.55, L412F5.51) are resistant to Vismodegib treatment
(46, 76 –78). Superscripts refer to Ballesteros-Weinstein num-
bering. Trp-5357.55 is absolutely conserved in class F GPCRs
and maps to the intracellular tip of TM VII, a region structurally
homologous to the NPXXY motif in class A GPCRs (79, 80).
Trp-5357.55 overlays with the Tyr7.53 of the NPXXY motif,
which undergoes rearrangement in inactive versus active struc-
tures of class A GPCRs (60, 81, 82), Leu-4125.51 is highly con-
served across class F GCPRs and also appears in a conforma-
tionally labile region of GPCRs. In class A GPCRs, residue 5.51
is one of a group of conserved hydrophobic and aromatic resi-
dues (3.40, 5.51, 6.44, 6.48) thought to constitute a “transmis-
sion switch” that rearranges when agonist binds (45, 83). Col-
lectively, these constitutively active mutants bolster the notion
that Smo cycles through canonical GPCR inactive-active states.

Vismodegib is a Smo inhibitor that binds to the 7TM pocket
(Fig. 4) and has been approved for the treatment of advanced
BCC. Resistance to Vismodegib usually appears within a few
months, however (84). Cancers with active Hh signaling are
often driven by inactivating Ptc mutations, but resistance muta-
tions often appear in Smo, the target of the drug. The Vismo-
degib resistance mutation originally found in medulloblastoma,
D473H (55), disrupts Vismodegib binding to Smo but does not
result in Smo activation or loss of Smo regulation by physiolog-

ical levels of Ptc. Additional drug resistance mutations in Smo
were found in a mouse model of medulloblastoma where treat-
ment with NVP-LDE225, a Smo 7TM antagonist, led to resis-
tance mutations in Smo that predominantly localize to the
7TM-binding pocket and result in phenotypes similar to
D473H (85). Several unique Smo resistance mutations
(W281L2.57, V321M3.32) were also recently found in BCC after
treatment with Vismodegib (86). W281L2.57 localizes to the
base of the 7TM-binding pocket within 3.7 Å of the base of the
LY2940680 ligand. V321M3.32 is further buried at the base of
the binding pocket and 5.8 Å from SANT1 at its closest point. It
is not known whether these mutations function to disrupt bind-
ing of Vismodegib to Smo or to activate Smo, but its position in
the Smo structure suggests that W281L is more likely to inter-
fere with ligand binding than V321M. Given the rapid resis-
tance to drugs targeting the Smo 7TM pocket, antagonists that
bind the Smo CRD hold out the hope that drugs targeting the
CRD may prove more effective or less susceptible to resistance
when used either alone or in combination with compounds
targeting the Smo 7TM pocket (62, 63).

Any discussion of the Smo 7TM and CRD regions naturally
leads to questions concerning how these components interact
and how their interplay affects the Smo C-terminal tail. Little is
known about the structure of the Smo C-tail alone or with the
Smo 7TM bundle, but its low complexity and high hydrophilic-
ity suggest that it does not adopt a rigid globular structure. The
Smo C-tail is phosphorylated in response to pathway activation,
although the identities of the kinases responsible for phosphor-
ylation differ between vertebrates and invertebrates (31, 87). A
conformational change of the Drosophila Smo C-tail has been
proposed to stem from C-tail phosphorylation altering interac-
tions between positively charged clusters of Arg residues and
negatively charged clusters of Asp residues (32), but the verte-

FIGURE 4. Smoothened-interacting small molecules. A, 7TM-targeting small molecules. B, CRD-targeting small molecules. C, other Smo-targeting small
molecules. Activating small molecules are noted by green type.
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brate Smo C-tail does not possess the Arg clusters. A C-tail
conformational change in vertebrates has also been proposed,
however (88).

Conclusion

Multiple inputs (oxysterol binding to the CRD, small mole-
cule binding to the 7TM pocket, and sterols within the cell
membrane) are all capable of modulating Smo activity and pre-
sumably conformation. Sorting out what the endogenous
inputs are, which of these inputs are important in specific
instances, how multiple inputs are integrated, how best to
exploit various ways of modulating Smo for anticancer thera-
pies, and the role of Ptc in modulating these inputs present
exciting challenges. Recent results have helped clarify the
nature and sites of these inputs, however, and provided a frame-
work for understanding how each of the parts fit together to
achieve remarkable biological results.
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In the early days, radical enzyme reactions that use S-adeno-
sylmethionine (SAM) coordinated to an Fe-S cluster, which
Perry Frey described as a “poor man’s coenzyme B12,” were
believed to be relatively rare chemical curiosities. Today, bioin-
formatics analyses have revealed the wide prevalence and sheer
numbers of radical SAM enzymes, conferring superfamily sta-
tus. In this thematic minireview series, the JBC presents six arti-
cles on radical SAM enzymes that accomplish wide-ranging
chemical transformations. We learn that despite the diversity of
the reactions catalyzed, family members share some common
structural and mechanistic themes. Still in its infancy, contin-
ued explorations promise to be fertile grounds for discoveries
that will undoubtedly further broaden our understanding of the
catalytic repertoire and deepen our understanding of the chem-
ical strategies used by radical SAM enzymes.

Most members of the radical SAM2 superfamily harbor a
conserved CX3CX2C [4Fe4S] cluster motif, which binds SAM
via direct coordination. This structural arrangement facilitates
reductive cleavage of the C–S bond in SAM to give the 5�-de-
oxyadenosyl radical, which initiates the radical-based chemical
transformation catalyzed by the specific enzymes. In the first
article in the series, Drennan and co-workers (1) review the
SPASM and Twitch domain-containing family members.
These folds extend from the common structural core and bind
auxiliary Fe-S clusters enabling functional diversification.
Structures of SPASM and Twitch domain proteins are used to
make mechanistic predictions about other family members for
which structures are currently unavailable.

The chemical challenge of inserting sulfur at unactivated car-
bons is met by deployment of radical SAM enzymes. In the
second article in this series, Joseph Jarrett (2) discusses gains in
our understanding of sulfur insertion chemistry during biosyn-
thesis of the cofactors, lipoic acid and biotin, methylthiol inser-
tion into tRNA and proteins, and thioether bond formation in
sactibiotics, sulfur-bridged bacteriocins. Biotin synthase and
lipoyl synthase appear to sacrifice auxiliary Fe-S clusters as a
source of sulfur. In contrast, the sulfur source for the methyl-
thiol modification is unclear and could be sulfide, persulfide, or
a polysulfide species, whereas the methyl group is derived from
SAM. Radical generation at the �-carbon where the thioether

bond is to be formed and subsequent quenching by the cysteine
sulfur in the peptide substrate leads to the cross-linked sactibi-
otic product.

In the third article in this series, Begley and co-workers (3)
discuss the role of radical SAM enzymes in facilitation of com-
plex radical rearrangements during the synthesis of thiamin,
deazaflavin, menaquinone, molybdopterin, and heme cofac-
tors. In this article, the authors discuss how the relatively
long lifetime of the 5�-deoxyadenosyl radical, together with
its intrinsic reactivity, opens up a range of novel reactions
including fragmentation, double bond addition, and radical
propagation, some of which are unprecedented in organic
chemistry.

The elaboration of unusual organometallic cofactors re-
quires unusual enzymes. In the fourth article in this series,
Broderick and co-workers (4) discuss the current state of our
knowledge about radical SAM enzymes involved in the synthe-
sis of the FeMo-cofactor of nitrogenase, which contains a
central carbon atom, the iron subcluster coordinated by cya-
nide, CO, and dithiomethylamine in [FeFe]-hydrogenase
and the iron center with CO and guanylylpyridinol ligands in
[Fe]-hydrogenase.

In the fifth article in the series, Booker and co-workers (5)
review the complexity of radical SAM enzyme-catalyzed meth-
ylation reactions. The methylases are classified depending on
whether they use two cysteine residues (Class A) or two SAM
molecules (Class C) to methylate sp2-hybridzed carbons or
require a cobalamin cofactor (Class B) to methylate either sp2-
hybridzed or sp3-hybridzed carbons or phosphinate phospho-
rus atoms. The review also covers the recently described Class
D methylases, which are postulated to methylate sp2-hybridzed
carbon centers using methylenetetrahydrofolic acid.

UV light takes its toll on DNA, cross-linking strands and
arresting replication. Dimerization of proximal pyrimidines is
the common mechanism for UV-induced structural distortion.
In bacterial endospores, UV induces a novel thymidine dimer,
which is repaired by spore photoproduct lyase, which utilizes a
radical SAM-dependent mechanism to resolve the dimer into
individual thymidine residues. In the final review in this series,
Yang and Li (6) discuss that although the reaction mechanism
can be drawn by broad strokes, the intricacies of the repair
reaction remain to be elucidated.
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S-Adenosylmethionine (SAM, also known as AdoMet) radical
enzymes use SAM and a [4Fe-4S] cluster to catalyze a diverse
array of reactions. They adopt a partial triose-phosphate
isomerase (TIM) barrel fold with N- and C-terminal extensions
that tailor the structure of the enzyme to its specific function.
One extension, termed a SPASM domain, binds two auxiliary
[4Fe-4S] clusters and is present within peptide-modifying
enzymes. The first structure of a SPASM-containing enzyme,
anaerobic sulfatase-maturating enzyme (anSME), revealed un-
expected similarities to two non-SPASM proteins, butirosin
biosynthetic enzyme 2-deoxy-scyllo-inosamine dehydrogenase
(BtrN) and molybdenum cofactor biosynthetic enzyme (MoaA).
The latter two enzymes bind one auxiliary cluster and exhibit a
partial SPASM motif, coined a Twitch domain. Here we review
the structure and function of auxiliary cluster domains within
the SAM radical enzyme superfamily.

Members of the S-adenosylmethionine (SAM)2 radical
superfamily catalyze a wide variety of radical-mediated reac-
tions, including complex chemical transformations and rear-
rangements; modifications of peptides, DNA, and RNA; dehy-
drogenations; and sulfur insertions (1). Despite this diversity,
there are unifying structural and mechanistic themes. For
instance, SAM radical enzymes typically bind a [4Fe-4S] cluster
using a conserved CX3CX�C motif (where � is an aromatic
residue). This motif provides three cysteine ligands to the iron
atoms of the cluster, with the fourth ligand coming from the
bidentate coordination of SAM to the unique iron (2, 3). Direct
ligation of SAM to the cluster facilitates reductive cleavage of

the C–S bond through an inner sphere electron transfer event,
forming methionine and a 5�-deoxyadenosyl radical (5�-dAdo�)
(Fig. 1A) (4). The abstraction of a hydrogen atom from the sub-
strate by 5�-dAdo�, producing a substrate radical, ends the
mechanistic similarity between enzymes of this superfamily;
each enzyme utilizes a different mechanism to generate prod-
uct. Structures of the first seven members of the SAM radical
superfamily were used to define a core fold for binding SAM
and for the generation of 5�-dAdo� species. This core consists of
a partial (�/�)6 triose-phosphate isomerase (TIM) barrel (5).
Outside of the core fold, the structure can vary greatly, with N-
and C-terminal extensions that are functionalized for binding
other cofactors or substrates. The SPASM subfamily is an
example of a functionalized C-terminal extension for the bind-
ing of two auxiliary clusters.

Haft and Basu (6, 7) recognized that enzymes with this C-ter-
minal extension appear to be involved in the modification of
ribosomally translated peptides. This subclass is referred to as
SPASM after the biochemically characterized members, AlbA,
PqqE, anSMEs, and MftC, which are involved in subtilosin A,
pyrroloquinoline quinone, anaerobic sulfatase, and mycofacto-
cin maturation, respectively. The SPASM subfamily, accession
TIGR04085, is composed of 281 sequences. However, recent
similarity network analysis by Babbitt and co-workers (8) using
the Structure Function Linkage Database identified addition-
ally related sequences, expanding the number to 1,380 (Fig. 1B).

Enzymes in this subfamily were expected to use a seven-cys-
teine (9) motif to bind two auxiliary [4Fe-4S] clusters, leaving a
unique iron for substrate binding (7, 10). However, the first, and
thus far only, structure of a SPASM protein, the anaerobic sul-
fatase-maturating enzyme (anSME) from Clostridium perfrin-
gens, showed full cysteine ligation to both [4Fe-4S] clusters (11).
anSME was also the first structure of a SAM radical enzyme
with dehydrogenase activity, and it, along with the structures of
butirosin biosynthetic enzyme BtrN from Bacillus circulans,
and molybdenum cofactor biosynthetic enzyme MoaA (12)
(Fig. 2), revealed unexpected structural homology between
SPASM and non-SPASM enzymes (13). In particular, the com-
parison of anSME, BtrN, and MoaA led to the identification of
a truncated SPASM domain used for binding a single auxiliary
[4Fe-4S] cluster, which has been termed a Twitch domain (Fig.
1B) (11, 13). This review discusses the function and architecture
of the newly defined SPASM/Twitch subclass and explores the
roles of auxiliary clusters in radical SAM chemistry with partic-
ular focus on the auxiliary clusters of this subclass. We suggest
that SPASM and Twitch domains will constitute a larger sub-
family than anticipated.

Function of SPASM/Twitch Subfamily

A chief function of this subfamily appears to be in the post-
translational modification of peptides. Post-translational mod-
ifications expand the chemical repertoire of enzymes by gener-
ating modified amino acids that are well suited to perform
specific reactions, priming peptides for cofactor biosynthesis,
or rigidifying proteins or peptides (Fig. 2).
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anSME catalyzes the co- or post-translational modification
of an arylsulfatase active site cysteine or serine residue to a
catalytically essential formylglycine (FGly) moiety in anaerobic
organisms (10, 14 –17). The active site FGly allows sulfatases to
perform their hydrolysis function, removing sulfate groups
from a wide array of substrates (e.g. sulfated polysaccharides,
sulfolipids, and steroid sulfates) (18 –20). Sulfatase activity is
important in humans and bacteria, with a lack of activity lead-
ing to disease in humans (21) and leading to an inability to
colonize the mucosal layer of the host’s gut upon inhibition in
bacteria (22). anSMEs are known to use SAM radical chemistry,
in addition to two auxiliary [4Fe-4S] clusters, to perform the
dehydrogenation of a serine or cysteine residue to the FGly
moiety (Fig. 2). Until recently, very little was known about the
structure and mechanism of anSME in comparison with the
related formylglycine-generating enzymes found in eukaryotes

and aerobically living prokaryotes. With the structural and
mechanistic information on anSME from C. perfringens (11,
17), our understanding of the anaerobic sulfatase-maturating
enzyme family is on the rise.

AlbA is involved in the post-translational modification of a
linear peptide into the cyclic peptide natural product subtilosin
A. In particular, AlbA is responsible for forming three thioether
bonds between the sulfur atoms of three cysteine residues and
the �-carbons of two phenylalanines and one threonine, yield-
ing a rigidified peptide (Fig. 2) (23). Mutation of the corre-
sponding gene, albA, indicates that AlbA is essential for sub-
tilosin A biosynthesis and shows that thioether bond formation
is a critical aspect of subtilosin A maturation (24). Peptide-
derived natural products that contain thioether bonds, such as
subtilosin A, are collectively known as sactipeptides. In terms of
the medical relevance of this class of compounds, subtilosin A,

FIGURE 1. The SAM radical SPASM/Twitch subfamily similarity network. A, general mechanism for reductive cleavage of SAM by inner sphere electron
transfer from the [4Fe-4S] to the C–S bond, forming a 5�-deoxyadenosyl radical and methionine. B, Protein Sequence Similarity Network (60) of the SPASM/
Twitch domain containing proteins of the SAM radical superfamily. The nodes represent protein sequences with 40% sequence identity at an E-value
(Expectation or Expect value) of 1 � 10�22. Proteins with SPASM domains map to 153 nodes (green dots). This figure was generated using Cytoscape (61).
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which is produced by the soil bacterium Bacillus subtilis, shows
antimicrobial activity against both Gram-negative and Gram-
positive bacteria, as well as some human pathogens (25).
Another sactipeptide produced by B. subtilis, sporulation kill-
ing factor, is excreted under nutrient limitation to lyse neigh-
boring cells in what can only be described as cannibalistic
behavior (26 –28). A different SAM radical enzyme, SkfB, is
responsible for the formation of the thioether bond of this sac-
tipeptide (29).

PqqE is one of several enzymes that participate in the matu-
ration of the bacterial redox cofactor pyrroloquinoline quinone
(PQQ) from a peptide precursor (Fig. 2). In particular, PQQ is
formed post-translationally from a skeleton peptide, PqqA,
through complex rearrangements initiated by the cross-linking
of glutamyl and tyrosyl side chains (30, 31). PQQ is then excised
from PqqA and attached to its target enzyme. PqqE is known to
contain two [4Fe-4S] clusters and to reductively cleave SAM
(32), and although it is believed to be involved in an early step in
PQQ biogenesis, the exact reaction catalyzed has not been iden-
tified (33).

BtrN, a 2-deoxy-scyllo-inosamine dehydrogenase, is a mem-
ber of the Twitch structural subclass of SAM radical enzymes
and is involved in the biosynthesis of the aminoglycoside anti-
biotic butirosin B. BtrN is also a member of a recently described
functional subclass of the SAM radical enzymes, SAM radical
dehydrogenases, with the sulfatase maturases anSME and AtsB
being the only other biochemically characterized members (10,
17, 34). BtrN contains a Twitch domain (13), which houses one

auxiliary [4Fe-4S] cluster. Using SAM radical chemistry, BtrN
catalyzes the oxidation of the C3 hydroxyl group of 2-deoxy-
scyllo-inosamine by a hydrogen atom abstraction, deprotona-
tion, and one-electron oxidation to produce the ketone group
in 3-amino-2,3-dideoxy-scyllo-inosose (amino-DOI) (Fig. 2)
(35, 36).

The Twitch subclass enzyme MoaA is involved in the biosyn-
thesis of molybdopterin (Moco). MoaA catalyzes the first step
in Moco biosynthesis, the complex rearrangement of guanosine
triphosphate to 3�-8-cH2GTP, which is then converted to Moco
in subsequent steps (Fig. 2) (37, 38). In humans, defects in
molybdenum cofactor biogenesis lead to death shortly after
birth, and these patients show neurological abnormalities
including untreatable seizures and attenuated brain growth
(39).

The SAM Radical Core Fold

SAM radical enzymes adopt a core fold, with exceptions
described in a recent review (40) and below. This core is respon-
sible for SAM binding and radical generation and has been
defined as a partial TIM barrel (�/�)6 with six �-helices making
up the outside of the partial barrel and the six parallel �-sheets
forming the inner face of the barrel (Fig. 3A) (5). The active site
is located within the lateral opening of the partial TIM barrel
and includes a [4Fe-4S] cluster, SAM, and substrate-binding
sites. Although some SAM radical enzymes are composed of a
complete TIM barrel (41, 42), most have the partial barrel
architecture. Recently, the structural diversity of this enzyme

FIGURE 2. SPASM/Twitch subfamily reactions. The involvement of SPASM/Twitch domain containing enzymes, anSME, MoaA, BtrN, and AlbA/SkfB in the
biosynthesis of their respective products is shown. The specific reaction catalyzed by SPASM enzyme PqqE is not indicated as its substrate is not known. For
AlbA, only one of the three thioether bond formations is shown. Hydrogen atoms known or proposed to be abstracted by the 5�-deoxyadenosyl radical are
shown in blue. DOIA, 2-deoxy-scyllo-inosamine; amino-DOI, 3-amino-2,3-dideoxy-scyllo-inosose.
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superfamily was expanded when a significant deviation was
reported for the queuosine biosynthetic enzyme 7-carboxy-7-
deazaguanine synthase (QueE). QueE was found to have a
hypermodified barrel fold in which three of the six �-helices are
replaced by two loops and one 310 helix (43).

The [4Fe-4S] cluster motif, more popularly known as the
CX3CX�C motif, binds the [4Fe-4S] cluster responsible for ini-
tiating radical chemistry. The three cysteines of this motif
reside on the loop linking �1 to �1, termed the cluster-binding
loop (Fig. 3A). This motif, which is largely but not absolutely
conserved (42, 43), allows for binding of SAM to the cluster
through the open coordination site on the unique iron atom of
the cluster, as well as through hydrophobic interactions from
the aromatic residue (�).

With respect to cluster binding, the largest deviations
observed through crystallographic studies thus far are found in
the SAM radical enzymes QueE, mentioned above, and ThiC,
which is involved in the biosynthesis of the thiamin pyrimidine
moiety. In the former case, the cysteine motif has an 11-amino
acid insertion between the first two cysteines (CX14CX�C)
(43), and in the latter, the cluster-binding region is not part of
the SAM radical core, but is instead found in a separate domain
(42). For QueE, the 11-residue insert does not alter the way in
which SAM binds and is instead believed to be important for
binding of the physiological reductase (43). For ThiC, no
structure is available of the fully reconstituted protein, and

thus the exact mode of cluster and SAM binding remains to
be determined.

SAM binding is facilitated by four different motifs, some of
which are more highly conserved than others. The “GGE
motif,” named after residues in the pyruvate formate lyase-
activating enzyme and MoaA, resides at the C-terminal end
of �2 and interacts with the amino group of SAM, helping to
orient the methionyl moiety of SAM molecule. Interactions
between residues from �4, called the “ribose motif,” and the
hydroxyls of the ribose moiety appear to play an important
role in positioning of 5�-dAdo� with respect to substrate for
hydrogen atom abstraction (44). The “GXIXGXXE motif,”
which is only partially conserved in terms of sequence, is
located on �5 and provides hydrophobic interactions with
the adenine ring of SAM. Finally, the “�6 motif” is responsi-
ble for hydrogen bonding via backbone atoms to the adenine
ring. Interestingly, the structure of BtrN shows that residues
at the end of �5 can replace the function of the �6 motif.
BtrN thus contains both the GXIXGXXE motif and the �6
motif on �5 (13). We suggest that the �6 motif be renamed
the “adenine-binding motif.” Taken together, all of these
motifs, which span across the SAM radical core, work
together to ensure that SAM is positioned in the correct
orientation for hydrogen atom abstraction from the sub-
strate after homolytic cleavage.

FIGURE 3. Folds of SPASM/Twitch subfamily members. A, topology of SAM (�/�)6 core fold (magenta). Cluster cysteine ligands are indicated as yellow spheres.
B, general topology of a SPASM domain-containing SAM radical enzyme. The SPASM domain (green), at the C terminus of the SAM radical core, binds two
[4Fe-4S] clusters. C, topology of a Twitch domain-containing SAM radical enzyme with an open iron coordination site for substrate (yellow circle). D, topology
of a Twitch domain-containing SAM radical enzyme with a fully ligated auxiliary cluster. E–G, ribbon representations of the crystal structures of anSME, MoaA,
and BtrN, respectively. The SAM core is indicated in magenta followed by the SPASM or Twitch domains in green. The SAM to Aux I cluster distances for these
enzymes, as well as the Aux I to Aux II distance for anSME, are shown as black dashed lines.
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SPASM/Twitch Domain Fold

In addition to the core fold, SAM radical enzymes contain
N- or C-terminal extensions. The SPASM domain at the
C-terminal end of the core fold binds two auxiliary [4Fe-
4S] clusters using a conserved seven-cysteine motif,
CX9 –15GX4CXnCX2CX5CX3CXnC (9). Based on the reactions
performed by the biochemically characterized SPASM mem-
bers and the presence of only seven cysteine residues in the
conserved cysteine motif, an open coordination site on one
auxiliary [4Fe-4S] cluster has been proposed to ligate the pep-
tide substrate (7, 10). Through the work of Goldman et al. (11),
we now have a snapshot of one of these enzymes, anSME, both
with and without substrate bound. This structure shows that
both clusters of anSME are fully ligated by cysteine residues,
with auxiliary cluster I (Aux I) 16.9 Å from the SAM radical
cluster and 12.9 Å from the second auxiliary cluster (Aux II)
(Fig. 3, B and E). Aux I is ligated by four cysteine residues: one
before the predicted SPASM domain seven-cysteine motif, two
within the motif, and one downstream cysteine. A conserved
�-hairpin motif lies between the second and third coordination
sites of Aux I, with an �-helix following (�2�). This helix leads to
the second auxiliary cluster (Aux II) (Fig. 3B). Aux II is coordi-
nated by four cysteine residues of the seven-cysteine motif, but
not in the same order as the primary sequence. Unexpectedly,
the protein chain travels back and forth between the two auxil-
iary clusters such that cysteines 4, 5, 6, and 8 coordinate Aux II,
whereas cysteine 7 is the downstream cysteine ligand to Aux I
(Fig. 3B). Based on sequence homology, it is predicted that this
cluster-binding architecture will be a common feature of
SPASM domain-containing enzymes (7, 11, 13), with the caveat
that some SPASM proteins may not display full cysteine
ligation.

The protein topology around Aux I of anSME shows struc-
tural similarity to the auxiliary cluster domain of the non-
SPASM SAM radical enzyme MoaA. MoaA also displays a �16
Å distance between its SAM radical cluster and its auxiliary
cluster and adopts an abridged SPASM domain architecture
(Fig. 3, C and F). This abridged SPASM fold provides three
cysteine ligands to bind one [4Fe-4S] cluster and contains the
�-hairpin motif and �2�, all of which are found in the first half of
the SPASM domain. Based on the similarity between anSME
and MoaA, this abridged SPASM domain was subsequently
coined the Twitch domain (11, 13). MoaA contains no cysteine
ligands following �2�, and the resulting open coordination site
on the [4Fe-4S] cluster is used for substrate binding (45), as was
originally proposed for the SPASM enzymes.

BtrN also contains a Twitch domain that binds one [4Fe-4S]
cluster similar to the auxiliary cluster-binding domain of
MoaA. However, the auxiliary cluster in BtrN is fully ligated
(13), showing the versatility of the Twitch domain. Like anSME
and MoaA, the auxiliary cluster of BtrN is �16 Å from the SAM
radical cluster (Fig. 3, D and G) and has a domain architecture
made up of a �-hairpin followed by �2�, with cysteine ligands
flanking both ends of the �-hairpin. Similar to anSME, cysteine
residues following �2� ligate an auxiliary cluster. Unlike anSME
and MoaA, BtrN has only one cysteine ligand before the �-hair-
pin (Fig. 3D). Thus, both the Aux I of anSME and the Aux

cluster of BtrN have full ligation by cysteine residues, although
the cysteine positions in the primary sequence are different.

Overall, these structural snapshots show two different coor-
dination modes of [4Fe-4S] clusters in Twitch domains, one in
which the [4Fe-4S] cluster can bind substrate directly to an
open coordination site (MoaA) and one in which it cannot
(BtrN). They also reveal two different varieties of SAM radical
dehydrogenases, one with one auxiliary [4Fe-4S] cluster (BtrN)
and one with two auxiliary clusters (anSME).

Given the structural homology between anSME, BtrN, and
MoaA, we propose that the entire area of sequence space shown
in Fig. 1B be considered its own SAM radical enzyme subclass,
encompassing �15% of the enzymes currently identified as
belonging to the SAM radical superfamily in the Structure Func-
tion Linkage Database (8). The three available structures of
SPASM/Twitch proteins represent three edges of sequence space
and thus exemplify the structural diversity within this subclass.

Roles of Auxiliary Clusters in the SPASM/Twitch Subclass

Recent structural data have served to clarify the function(s)
of auxiliary clusters in SPASM/Twitch enzymes (11, 13). For
anSME and BtrN, crystal structures show that auxiliary clusters
are fully ligated both in the presence and in the absence of
substrates and that substrates are bound through protein-me-
diated hydrogen-bonding interactions at distances of 9 –10 Å
away from their auxiliary clusters (Fig. 4, A and B). These long
distances also suggest that auxiliary clusters do not function in
substrate deprotonation. For anSME, both crystallographic and
mutagenesis data support Asp-277 as being responsible for the
deprotonation step (11). In particular, Asp-277 is adjacent to
the substrate, and its mutation to Asn results in a protein with
only 0.8% of wild-type activity and increased uncoupling of
SAM cleavage from product formation (11). For BtrN, Arg-152
has been proposed to play a role in substrate deprotonation
based solely on its location in the active site (13). Instead of
binding or deprotonating substrate, the observed 9 –10 Å dis-
tances between cluster and substrate are consistent with a role
for the auxiliary clusters as electron acceptors during substrate
oxidation. There is diversity in the number of auxiliary clusters
needed for substrate oxidation. anSME has two auxiliary clus-
ters (12.9 Å apart) to provide a route for the electron from the
buried active site to the protein surface, whereas BtrN only
needs one auxiliary cluster for the electron to reach the protein
surface, where it would be accessible to an external electron
acceptor.

The extent to which SPASM/Twitch enzymes will display
full ligation of their auxiliary clusters is not known at this time.
Current sequence data suggest that variations will occur. AlbA,
for example, does not contain an eighth cysteine in its C-termi-
nal auxiliary cluster domain. As more structures become avail-
able, it will be very interesting to discover how many of these
enzymes, if any, (i) do indeed have an open iron coordination
site for substrate ligation; (ii) use a non-cysteine residue for
ligation of an auxiliary cluster, as in biotin synthase (BioB),
which has an arginine ligand (41); and/or (iii) use a cysteine that
is distal in primary sequence from its SPASM motif to provide
the last auxiliary cluster ligand.
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Roles of Auxiliary Clusters in Other SAM Radical Enzymes

A number of auxiliary cluster-containing non-SPASM/non-
Twitch SAM radical enzymes have been identified, and the
roles of their auxiliary clusters are under investigation. BioB, for
example, has been proposed to use its auxiliary [2Fe-2S] in a
sacrificial manner, donating one of its sulfur atoms to perform a
sulfur insertion reaction during biotin formation (41, 46 – 48).
Similarly, lipoyl synthase (LipA) contains an auxiliary [4Fe-4S]
cluster that is proposed to be the source of the two sulfur atoms
needed to form lipoic acid (49 –51). Methylthioltransferases
(MTTases), as their name suggests, transfer a methylthiol
group to macromolecular substrates including the S12 ribo-
somal protein (catalyzed by RimO) and tRNA-A37 (catalyzed
by MiaB). Methylthioltransferases also have auxiliary clusters
(52, 53), which, unlike for BioB and lipoyl synthase, are not
currently believed to serve as the source of sulfur for generation
of the methylthiol group (54). Instead, a recent crystal structure
of RimO has led to the proposal that its auxiliary cluster is
responsible for binding a polysulfide moiety that serves as the
sulfur source (55). Other auxiliary cluster-containing SAM rad-
ical enzymes have been reviewed recently (56) and include a
subset of glycyl radical-activating enzymes and hydrogenase
cofactor-maturating enzymes (HydE and HydG). Our under-
standing of this latter set of enzymes is still in its infancy,

although hydrogenase cofactor maturation is an active area of
research (57).

Predictions

The structures of the SPASM protein anSME and of the
Twitch proteins BtrN and MoaA allow us to make predictions
about other enzymes in the SPASM/Twitch subclass for which
there are no structures. As mentioned above, AlbA and SkfB
catalyze the internal peptide linkage of a cysteine side chain
sulfur to a C� position in the maturation of two natural prod-
ucts generated from ribosomally translated peptide scaffolds,
subtilosin A and sporulation killing factor (Fig. 2). Following
hydrogen atom abstraction from the C� position, formation of
a covalent bond with cysteine requires a 1-electron oxidation
and deprotonation of its sulfur. The parallels in this system to
the dehydrogenases (deprotonation and 1-electron oxidation)
again made the direct ligation of substrate to an auxiliary cluster
an attractive hypothesis (23, 29). AlbA contains seven cysteines
in a SPASM motif, whereas SkfB contains five cysteine residues
in a C-terminal domain. Using anSME as a model for SPASM
proteins and BtrN for Twitch proteins, we predict that the
structure of AlbA will parallel that of anSME, and SkfB will
contain a Twitch domain similar to MoaA and BtrN. If these
predictions are correct, then both SAM radical dehydrogenases
and thioether bond-forming enzymes will use both the SPASM
and Twitch enzyme architectures to catalyze analogous
reactions.

We can also use the recent structural data on this enzyme
subclass to consider whether AlbA and SkfB will use an auxil-
iary cluster to bind their substrate. Because the distances
between the SAM cluster and the Aux cluster (�16 Å) as well as
the SAM-binding motifs appear to be conserved in this sub-
class, we can predict for AlbA and SkfB that the distance
between clusters will be �16 Å and that SAM will bind in a
similar fashion as observed previously (5). The structures of
anSME, BtrN, and MoaA also reveal similar distances (9.3 Å on
average) between the hydrogen atom abstraction site on the
substrate and the Aux cluster (9.6, 8.6, and 9.6 Å in BtrN,
anSME, and MoaA, respectively) (Fig. 4, A–C). For BtrN and
anSME, these long distances were used in part to make the
argument that the Aux cluster was unlikely to be involved in the
substrate deprotonation step that follows the hydrogen atom
abstraction (11, 13). In MoaA, where a molecule of GTP is both
the hydrogen atom abstraction site (3�-hydroxyl) (37) and the
auxiliary cluster ligand (N1 of guanosine base) (58), this sepa-
ration (7.4 Å) is both intramolecular and distal. Based on these
numbers, if AlbA or SkfB peptidyl substrate binds such that one
substrate residue (glycine in Fig. 4D) is close enough to SAM for
hydrogen atom abstraction and a substrate cysteine is close
enough to the auxiliary cluster for ligation, the distance
between the glycine C� and cysteine S would be at least 6 Å,
which is too long for covalent bond formation. Although struc-
tures of AlbA and SkfB will be essential to resolve this question,
our current structural data on anSME and BtrN predict that the
auxiliary cluster of AlbA and SkfB will play a role in oxidation of
substrate and not in its binding. Intriguingly, the peptidyl sub-
strate of anSME binds in a tight turn (Fig. 4B), perhaps fore-
shadowing how AlbA and SkfB bind their peptidyl substrate to

FIGURE 4. Auxiliary cluster positions in SPASM/Twitch enzymes. Distances
are shown as follows: SAM cluster to Aux cluster (green dashed lines); hydro-
gen atom abstraction position on substrate to Aux cluster (black dashed lines);
and hydrogen atom abstraction position to C5� of SAM (purple dashed lines).
A, BtrN. DOIA, 2-deoxy-scyllo-inosamine. B, anSME with peptide bound
(green). C, MoaA. D, hypothetical AlbA model estimating distances between
the site of hydrogen atom abstraction on a peptide glycine to the site of
thioether bond formation on the sulfur of a peptide cysteine (red dashed line)
and to the Aux cluster (blue dashed line). E, BioB with DTB bound. F, RimO.
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afford covalent linkage between two residues of the same
peptide.

We can contrast these predictions with auxiliary cluster-
containing SAM radical enzymes in different subfamilies where
auxiliary clusters are believed to be involved in more than
accepting an electron. For example, in the sulfur insertion
enzyme BioB, the auxiliary [2Fe-2S] cluster is thought to play a
direct role in the conversion of dethiobiotin (DTB) to biotin by
donating a sulfur atom and accepting an electron from the
resulting mercapto intermediate (59). This cluster is highly
unusual in that it is positioned in the middle of a TIM barrel,
ligated by three cysteines residing from �2, �3, and �5 strands
of the SAM radical core fold, and an unprecedented arginine
residue contributed by the C-terminal region (41). The distance
between this Aux cluster and the SAM radical cluster in BioB is
12 Å, �4 Å closer than for BtrN, anSME, and MoaA. Also, the
distance between the hydrogen atom abstraction site at the C9
position of DTB and the Aux cluster is 4.6 Å, �5 Å closer than
for the SPASM/Twitch proteins (Fig. 4E). The structure of the
methylthioltransferase RimO was also recently solved (55). As
mentioned above, this structure has led to the hypothesis that
the Aux cluster is not the direct sulfur source but may bind the
sulfur source (55). Interestingly, the cluster-to-cluster distance
in RimO is 8.4 Å, which is even closer than in BioB (12.0 Å), and
twice as close as in the SPASM/Twitch architecture (Fig. 4F).
Thus, the structures of the Aux cluster subset of SAM radical
enzymes that are emerging show variation in cluster-to-cluster
distance, in function (sulfur source (BioB), substrate binding
(MoaA), and substrate oxidation (anSME, BtrN)), and in fold
(both SPASM/Twitch and non-SPASM/Twitch). We have just
scratched the surface of the structural exploration of this amaz-
ing superfamily, and more surprises likely await us.
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Sulfur atoms are present as thiol and thioether functional
groups in amino acids, coenzymes, cofactors, and various prod-
ucts of secondary metabolic pathways. The biosynthetic path-
ways for several sulfur-containing biomolecules require the sub-
stitution of sulfur for hydrogen at unreactive aliphatic or
electron-rich aromatic carbon atoms. Examples discussed in
this review include biotin, lipoic acid, methylthioether modifi-
cations found in some nucleic acids and proteins, and thioether
cross-links found in peptide natural products. Radical S-adeno-
syl-L-methionine (SAM) enzymes use an iron-sulfur cluster to
catalyze the reduction of SAM to methionine and a highly reac-
tive 5�-deoxyadenosyl radical; this radical can abstract hydrogen
atoms at unreactive positions, facilitating the introduction of a
variety of functional groups. Radical SAM enzymes that catalyze
sulfur insertion reactions contain a second iron-sulfur cluster
that facilitates the chemistry, either by donating the cluster’s
endogenous sulfide or by binding and activating exogenous sul-
fide or sulfur-containing substrates. The use of radical chemis-
try involving iron-sulfur clusters is an efficient anaerobic route
to the generation of carbon-sulfur bonds in cofactors, secondary
metabolites, and other natural products.

Sulfur is present as a relatively low abundance element in all
organisms; for example, the human body is 0.2% sulfur by mass
(1), whereas rapidly dividing Escherichia coli grown in a sulfate-
enriched minimal medium are 0.3% sulfur by mass (2). The vast
majority of this sulfur is present as inorganic sulfate, as well as a
variety of organic molecules including cysteine, methionine,
several related metabolites including homocysteine and S-ad-
enosyl-L-methionine (SAM),2 and sulfate esters and sulfon-
amides in polysaccharides and proteins, for example, heparin
and chondroitin. Sulfur metabolism classically revolves around
the activation and reduction of sulfate to sulfide, incorporation
into cysteine, and the transfer of reduced sulfur from cysteine
into homocysteine and ultimately methionine (3). Once sulfur

is in the fully reduced state, enzyme reactions in sulfur metab-
olism typically involve polar chemistry in which anionic
organothiolates function as nucleophiles or leaving groups; for
example, the enzyme cystathionine-�-synthase from methio-
nine biosynthesis catalyzes the attack of a cysteine thiolate on a
conjugated alkene derived by elimination of succinate from
O-succinylhomoserine (4). Polar addition reactions have rela-
tively high turnover rates and are not usually sensitive to oxy-
gen, and are therefore more suitable for primary metabolic
pathways in aerobic organisms. However, polar reactions gen-
erally require an electrophilic carbon atom or a position that
can easily be made more electrophilic during the course of an
enzymatic reaction, whereas many positions within biomol-
ecules are unactivated aliphatic or electron-rich aromatic car-
bon atoms.

Radical SAM Enzymes Can Introduce New Sulfur-
containing Functional Groups

A number of cofactors and secondary metabolites contain
sulfur that is added to carbon atoms that would not be pre-
dicted to accept sulfur nucleophiles in a polar reaction (Fig. 1).
For example, the precursor to biotin contains unreactive ali-
phatic methyl and methylene carbon atoms at the positions
where a sulfur atom is added during the last step in the biosyn-
thetic pathway. The site of methylthiolation of aspartate 89 in
the ribosomal protein S12 is on the �-carbon, adjacent to the
side-chain carboxylate, a site that could potentially be deproto-
nated to an nucleophilic enolate, but that is difficult to trans-
form into an electrophilic carbon. These sites can, however, be
activated through hydrogen atom abstraction in a radical
enzyme reaction; the product is a carbon radical that is electron
deficient and will readily form new C–S bonds. Radical SAM
enzymes carry out hydrogen atom abstraction from unreactive
carbon atoms in a variety of substrates by coupling hydrogen
atom transfer to reduction of the SAM sulfonium center.

The radical SAM superfamily includes thousands of enzymes
that catalyze a diverse array of biochemical reactions (5). The
enzymes contain a core (��)6 architecture that binds a [4Fe-
4S]2� cluster to a conserved CXXXCXXC motif found in a loop
between the first � strand and � helix (6). Although three of the
iron atoms in the cluster are bound by the cysteine residues in
the conserved motif, the fourth position is occupied by the
methionyl amine and carboxylate groups of SAM, bringing the
sulfonium group of SAM into van der Waals contact with both
iron and sulfur atoms in the cluster. Reduction of the cluster to
a [4Fe-4S]� state results in partial occupancy of antibonding
orbitals in the sulfonium group (7), triggering rapid cleavage of
the sulfonium C5�-S bond to yield a 5�-deoxyadenosyl (5�-dA�)
radical. The 5�-dA� radical can be readily quenched by abstract-
ing a hydrogen atom from nearby atoms in the substrate, gen-
erating 5�-deoxyadenosine (5�-dAH) and a high-energy sub-
strate-centered radical that reacts in a variety of ways,
depending on the detailed structure of the substrate and the
enzyme active site.
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Once a substrate-centered carbon radical has been gener-
ated, the introduction of a sulfur atom or a sulfur-containing
functional group would seem straightforward. Carbon radicals
are rapidly quenched by reaction with disulfides and polysul-
fides, often generating a mixture of products that includes new
C–S bonds. An enzyme that catalyzes this reaction in a con-
trolled manner must deal with two chemical problems. First,
any stable sulfur-containing substrate will have an even number
of electrons, and the enzyme must remove an electron prior to
or at the same time as C–S bond formation. Second, at neutral
pH, a reduced sulfide or thiol will usually have S–H bonds, and
the substrate radical can be quenched more rapidly by abstract-
ing a hydrogen atom from an S–H bond, rather than generating
a new C–S bond. These problems are solved by using a second
“auxiliary” FeS cluster to provide the sulfur or to bind the sul-
fur-containing substrate.

Biotin Synthase Uses an Auxiliary [2Fe-2S]2� Cluster to
Provide Sulfur for Thioether Formation

Biotin (Fig. 1) is a cofactor in a number of enzymes that cat-
alyze carboxyl transfer reactions, where carbon dioxide reacts
with the N5� position in the ureido ring (8). The thioether ring
is sterically bulky and provides protection against hydrolysis,
thereby prolonging the lifetime of this unstable carboxybiotin
intermediate. The thioether functional group is introduced in
the last step of the biosynthetic pathway. The precursor dethio-
biotin contains a methyl group at C9 derived from L-alanine and
a methylene group at C6 derived from pimelic acid (9). Biotin
synthase inserts a sulfur atom between these two positions. The
enzyme uses 2 eq of SAM as a net oxidant and generates 2 eq of
5�-dAH with hydrogen atoms derived from both C9 and C6
(10). Early studies established that the enzyme is purified with a
[2Fe-2S]2� cluster that is bound to Cys-97, Cys-121, Cys-188,
and Arg-260 (E. coli numbering), whereas the canonical radical

SAM FeS cluster binding site is empty (11–14). Reconstitution
under mild reducing conditions leads to assembly of a [4Fe-
4S]2� cluster at this site, resulting in active enzyme (15).

When reconstituted biotin synthase is mixed with dethiobio-
tin, SAM, and an enzymatic reducing system, the enzyme
undergoes �1 turnover per dimer in 15 min and then turns over
more slowly, reaching �4 turnovers per dimer after 4 h (16).
Enzyme turnover is accompanied by reduction and destruction
of one [2Fe-2S]2� cluster per dimer (12, 15). Because there is no
other sulfur source added to the enzyme, this strongly suggests
that the [2Fe-2S]2� cluster is the source of sulfur for biotin
formation. When the enzyme reaction is run with excess
[34S]sulfide in both the [4Fe-4S]2� cluster and the buffer, but
has natural abundance sulfide in the [2Fe-2S]2� cluster, biotin
formed in the first turnover contains only natural abundance
sulfur (16). Additional slower turnovers incorporate [34S]sul-
fide, possibly suggesting that the [2Fe-2S]2� cluster is sponta-
neously reassembled using sulfide from the buffer.

Because the enzyme reaction requires 2 eq of SAM and gen-
erates 2 eq of 5�-dAH and methionine, but each monomer only
has one binding site for SAM, and then the enzyme must gen-
erate a dethiobiotin-derived intermediate that remains bound
while 5�-dAH and methionine dissociate and a second equiva-
lent of SAM binds. The formation of an intermediate had been
suggested by earlier studies, but the identity could not be con-
firmed (17). Using two methods, this intermediate was shown
to be 9-mercaptodethiobiotin (9-MDTB). First, the compound
co-eluted on LC-MS with a synthetic sample of 9-MDTB
and had the correct mass (18). Second, when 9-[methyl-
2H3]dethiobiotin was used as a substrate, the 9-MDTB formed
retained only two deuterium atoms, indicating that one deute-
rium had been transferred to 5�-dAH(D) during formation of
the intermediate and that the newly added thiol group was at C9
(18).

Formation of 9-MDTB from a dethiobiotinyl carbon radical
and sulfide requires that an electron must be removed from
sulfide during catalysis, which would likely end up in one of the
FeS clusters. When biotin synthase underwent a reaction with
only �1 eq of SAM, a new EPR signal was formed in approxi-
mately stoichiometric concentration with 9-MDTB, consisting
of two overlapping rhombic signals in an approximate 2:1 ratio
with g � 1.880, 1.955, and 2.010 and g � 1.845, 1.940, and 2.000
(19). Prior observation of these EPR signals and subsequent
Mössbauer analysis suggested that the signals were attributable
to the generation of a [2Fe-2S]� cluster (12). However, the pres-
ence of 9-MDTB suggested that one of the sulfides had been
incorporated into this intermediate, and thus more likely, the
cluster was formally a [2Fe-S(RS)]2� cluster.

The structure of this intermediate was further investigated
using the pulsed EPR technique hyperfine sublevel correlation
(HYSCORE) spectroscopy, using 9-[methyl-13C]dethiobiotin
and [guanidino-15N[arginine-labeled enzyme to probe the
chemical environment of the paramagnetic FeS cluster (20).
The formation of 9-[methylene-13C[9-mercaptodethiobiotin in
the presence of the paramagnetic cluster resulted in the obser-
vation of a strong cross-peak (at 2.9 and 4.7 MHz), which is
simulated with an isotropic hyperfine tensor of Aiso � 2.7 MHz.
This strong hyperfine interaction, together with the presence of
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MINIREVIEW: C–S Bond Formation by Radical SAM Enzymes

FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 3973



weak 13C to 14N multinuclear coherence peaks, implies that the
9-MDTB intermediate remains as a metal ligand within a [2Fe-
S(RS)]2� cluster.

The crystal structure of biotin synthase has been solved in the
presence of FeS clusters, dethiobiotin, and SAM (Fig. 2A) (21).
Most notable in this structure is a closed enzyme active site
generated by two additional � strands that complete a full (��)8
“TIM” barrel structure. This barrel encapsulates an active site
in which dethiobiotin and the [2Fe-2S]2� cluster are buried
within the barrel, with the C9 position of dethiobiotin in
between the C5� position of SAM (3.9 Å C-C distance) and the
�-sulfide of the [2Fe-2S]2� cluster (4.7 Å C–S distance) (Fig.
2B). The approximately linear relationship of the reactive
atoms suggests a straightforward mechanism.

In the proposed mechanism (Fig. 3A), reductive cleavage of
SAM generates a transient 5�-dA� radical that abstracts a hydro-
gen atom from the C9 position of dethiobiotin, generating

5�-dAH and a dethiobiotinyl C9 radical. This radical interme-
diate moves �2.9 Å through the active site using a hinge motion
secured by hydrogen bonds to the ureido ring and is quenched
by a reaction with the �-sulfide of the cluster. The sulfide is
concurrently oxidized by transferring one electron into the
cluster, generating 9-MDTB tightly bound as a ligand to a [2Fe-
S(RS)]2� cluster. After dissociation of 5�-dAH and methionine
and association of a second equivalent of SAM, a similar reac-
tion sequence directed at the C6 position closes the thioether
ring and fully reduces the original [2Fe-2S]2� cluster to two
Fe2� ions that dissociate from the enzyme. Further turnover
requires reassembly of this cluster, which in vitro is slowly
spontaneous, and in vivo is most likely carried out by the Isc or
Suf FeS cluster assembly systems (22).

Lipoyl Synthase Uses an Auxiliary [4Fe-4S]2� Cluster to
Provide Sulfur for Thiol Formation

Lipoic acid is biosynthesized by the action of the radical SAM
enzyme LipA on octanoylated carrier proteins, including the
E2-protein from the pyruvate dehydrogenase complex (23) and
the H-protein from the glycine cleavage system (24), generat-
ing the functional lipoyl E2-protein and lipoyl H-protein (Fig.
1). The reaction with the octanoyl H-protein has been more
thoroughly characterized, and requires 2 eq of SAM and gener-
ates 2 eq of 5�-dAH for the formation of each equivalent of
lipoyl H-protein (24).

LipA contains two [4Fe-4S]2� clusters per protein polypep-
tide; in addition to a [4Fe-4S]2� cluster bound to the canonical
radical SAM motif, there is a second [4Fe-4S]2� cluster bound
to Cys-68, Cys-73, and Cys-79 (E. coli numbering). Although
the wild-type enzyme contained �7 eq of iron and sulfur per
polypeptide, a variant in which these three cysteine residues
were changed to alanine contained only �3 eq of iron and sulfur
per polypeptide and was inactive both for H-protein lipoylation
and for conversion of SAM to 5�-dAH (25). Informed by the
role of the auxiliary FeS cluster in biotin synthase, this second
[4Fe-4S]2� cluster was proposed to be a sulfur donor for the
conversion of the octanoyl group to the lipoyl group. When
enzyme turnover was carried out with a mixture of 34S-labeled
enzyme and natural abundance 32S-enzyme, the lipoyl H-pro-
tein generated was a mixture of products with either two 34S
atoms or two 32S atoms incorporated; only �9% of the product
contained both 34S and 32S in the same lipoyl group (26). This
result demonstrated either that the thiol addition reaction was
highly concerted or that it was a stepwise reaction in which a
monothiolated intermediate remained tightly bound to LipA
during dissociation of 5�-dAH and methionine and binding of a
second equivalent of SAM.

Up to this point, studies of LipA were hampered by the diffi-
culty of obtaining large quantities of substrate and characteriz-
ing a large lipoylated protein product. Roach and co-workers
(27) discovered that LipA from the thermophilic organism Sul-
folobus solfataricus would accept an octanoylated tetrapeptide
as a substrate, allowing chemical synthesis of the substrate and
direct characterization of intermediates and products by NMR
and LC-MS analysis. When the reaction mixture was quenched
in acid, they were able to detect formation of a monothiolated

FIGURE 2. The structures of the radical SAM enzymes BioB from E. coli and
RimO from T. maritima. A and B, the structure of BioB contains a complete
(��)8 barrel (blue and yellow ribbons) (A) that encapsulates an active site (B) in
which SAM (green sticks) and dethiobiotin (red-orange sticks) are in close con-
tact, facilitating abstraction of a hydrogen atom from the C9 position of
dethiobiotin. The dethiobiotinyl C9 radical is then proposed to react with the
�-sulfide of the nearby [2Fe-2S]2� cluster, located �4.7 Å away, leading to
formation of 9-MDTB. C, the structure of RimO contains an open barrel archi-
tecture that is adapted to bind a larger protein substrate. The structure shows
the canonical radical SAM [4Fe-4S]2� cluster bound to the C-terminal end of
the (��)6 radical SAM domain (blue and yellow ribbons), whereas an auxiliary
[4Fe-4S]2� cluster is bound to a smaller UPF0004 domain (teal and yellow
ribbons). In the original structure, these FeS clusters are bridged by a penta-
sulfide chain; in the present representation, only the first sulfide (yellow ball)
bound to the unique iron atom is shown. SAM and the protein substrate were
not observed in this structure. D, a model of the RimO active site showing the
relationship between SAM bound to the radical SAM [4Fe-4S]2� cluster,
methanethiol bound to the auxiliary [4Fe-4S]2� cluster, and an empty bind-
ing pocket below SAM that is presumably occupied by the protein substrate.
Methanethiol was modeled assuming it binds in the same position as the
observed pentasulfide chain, whereas SAM was modeled assuming a binding
site similar to MoaA. In panels A and C, red balls indicate the FeS clusters. In
panel C, the green domain is the TRAM domain. In panels B and D, orange balls
are iron, yellow balls are sulfur, and green sticks are SAM. In panel B, red sticks
are dethiobiotin, whereas in panel D, the red ball represents the methyl group
of methanethiol. Images were generated using PyMOL from Protein Data
Bank (PDB) files 1R30 (BioB), 4JC0 (RimO), and 1TV8 (MoaA SAM binding site).
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intermediate that was identified as a 6-thiooctanoyl peptide by
NMR analysis (28).

Using full-length octanoyl H-protein and LipA from E. coli,
Booker and co-workers (29) were able to detect a species in
which the H-protein and LipA co-purified on an ion exchange
column, suggesting the presence of a covalent cross-link. The
cross-link was rapidly destroyed by treatment with acid, con-
sistent with ligation of the monothiolated H-protein to an FeS
cluster on LipA. Using Mössbauer spectroscopy, they were able
to establish that this cross-linked protein also contained a mod-
ified FeS cluster. Although the initial enzyme contains two
[4Fe-4S]2� clusters, the isolated cross-linked species contains a
paramagnetic [3Fe-4S]0 or [3Fe-3S(RS)]� cluster. Switching to
an octanoylated 8-residue peptide and using LipA from Ther-

mus thermophilus, they were able to measure kinetically com-
petent formation (k1 � 1.1 min�1) and decay (k2 � 0.017
min�1) of the 6-thiooctanoyl peptide intermediate using
LC-MS. They also observed formation of the paramagnetic
cluster in parallel with this intermediate, which then decayed to
predominantly free Fe2� during conversion of 6-thiooctanoyl
peptide to lipoyl peptide.

Together these data are consistent with a mechanism (Fig.
3B) in which reductive cleavage of SAM generates a 5�-dA� rad-
ical that abstracts a hydrogen atom from the C6 position of the
octanoyl protein or peptide substrate. The octanoyl C6 radical
is then quenched by reacting with a sulfide in the auxiliary [4Fe-
4S]2� cluster, generating a 6-thiooctanoyl intermediate. The
[4Fe-4S]2� cluster, which should become reduced by this pro-
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FIGURE 3. The proposed mechanisms for radical SAM enzymes that introduce sulfur atoms as thioether or thiol functional groups. A, the proposed
mechanism for thioether bond formation in biotin catalyzed by biotin synthase. In the first half-reaction, a C9 dethiobiotinyl radical is quenched by a reaction
with the [2Fe-2S]2� cluster, leading to formation of 9-MDTB, which remains as a ligand to a [2Fe-S(RS)]� cluster. The second half-reaction is similar, with radical
SAM chemistry directed at the C6 position, closing the thioether ring. B, the proposed mechanism for the stepwise introduction of two thiol groups into
octanoyl proteins catalyzed by LipA. In the first half-reaction, a C6 octanoyl radical is quenched by the auxiliary [4Fe-4S]2� cluster, leading to formation of a
6-thiooctanoyl protein, which is proposed to remain as a tightly bound ligand to a [3Fe-3S(RS)]� cluster. The second half-reaction leads to introduction of a
another sulfur from this intermediate cluster at the C8 position, generating lipoylated protein and leading to dissociation of the remnant FeS cluster. C, the
proposed mechanism for introduction of the methylthiol functional group into aspartate 89 of the ribosomal S12 protein catalyzed by the radical SAM enzyme
RimO. In the first half-reaction, a sulfide (or possibly persulfide) ion bound at the auxiliary [4Fe-4S]2� cluster carries out a nucleophilic attack on the methyl
group of SAM, generating a tightly bound methanethiol intermediate. In the second half-reaction, reductive cleavage of SAM generates a 5�-dA� radical that
abstracts a hydrogen atom from Asp-89. The aspartyl C3 radical is quenched by the transfer of the methanethiol group, resulting in formation of the
methylthiolated protein residue with concomitant reduction of the FeS cluster. D, the formation of a thioether peptide cross-link by the enzyme AlbA. The
peptide substrate is proposed to bind as a ligand to the auxiliary [4Fe-4S]2� cluster. Abstraction of a hydrogen atom from the �-carbon of another residue in
the peptide generates a radical that is quenched by capture of the cysteine sulfur, generating a stable thioether peptide cross-link.
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cess, is instead unstable and ejects one Fe2� ion to generate a
[3Fe-3S(RS)]� cluster. This intermediate complex is stable
while 5�-dAH and methionine dissociate and a second equiva-
lent of SAM binds to the enzyme. A second reaction sequence
focused on the C8 position generates a C8 radical that is
quenched by a reaction with an adjacent sulfide in the FeS clus-
ter, generating the reduced lipoylated product and destabilizing
the remnant FeS cluster such that it dissociates from the
enzyme. As with biotin synthase, further in vivo turnover likely
requires regeneration of the [4Fe-4S]2� cluster by the Isc or Suf
FeS cluster assembly systems.

Methylthioltransferases Catalyze Both Traditional
Methyl Transfer and Sulfur Insertion Reactions

The addition of a methylthiol group has been discovered as a
common post-transcriptional modification on certain tRNAs,
where the methylthiol group is found on adenosine 37 (Fig. 1)
next to the anticodon, and as a post-translational modification
on protein S12 in the ribosome 23 S subunit, where it is found
on aspartate 89 (Fig. 1), a residue located near the peptidyl-
transferase site in the intact ribosome. The methylthiol group
on tRNAs is introduced at C2 of 6-isopentenyladenosine by the
enzyme MiaB (30, 31), and at C2 of 6-threonyladenosine by
the homologous enzyme MtaB (32). The methylthiol group on
the ribosomal S12 protein is introduced at the C3 position of
Asp-89 by the homologous enzyme RimO (33); it is as yet
unclear whether this occurs prior to or after assembly of the
23 S subunit. Because MiaB and RimO are homologous
enzymes that catalyze chemically identical reactions, they are
believed to utilize the same fundamental mechanism, and they
will be discussed interchangeably in this review.

Both MiaB and RimO from Thermotoga maritima contain
two [4Fe-4S]2� clusters (34, 35). In T. maritima MiaB, the
canonical radical SAM [4Fe-4S]2� cluster binds to Cys-150,
Cys-154, and Cys-157, whereas a second [4Fe-4S]2� cluster
binds to Cys-10, Cys-46, and Cys-79 (34). In T. maritima RimO,
a similar auxiliary [4Fe-4S]2� cluster is bound to Cys-17, Cys-
53, and Cys-82 (35). These cysteine residues account for coor-
dination to three iron atoms within the cluster, suggesting that
the fourth ligation position is available to coordinate to the
substrate or to participate in catalysis. When MiaB is assayed
with selenide (Se2�) substituted for sulfide in the assay buffer,
the tRNA is modified with methylselenide, suggesting that the
in vitro sulfur source is sulfide, persulfide, or polysulfides,
which could be binding to the available coordination position of
the auxiliary FeS cluster (30). The source of the methyl group
was identified as SAM using [methyl-3H]SAM, which resulted
in the production of 3H-labeled N6-isopentenyl-2-methylthio-
adenosine (30). The transfer of a methyl group from SAM
should produce S-adenosylhomocysteine (SAH), which was
detected in 3-fold excess as compared with the amount of
methylthiolated RNA (36, 37).

The incorporation of selenide from the buffer and a methyl
group from SAM suggests two plausible reaction sequences.
One possibility is that the substrate is thiolated in a reaction
similar to that catalyzed by BioB and LipA, and the resulting
thiolated intermediate is subsequently capped with a methyl
group from SAM in a traditional nucleophilic methyltrans-

ferase reaction. Alternatively, sulfide (or selenide) could bind to
the auxiliary FeS cluster at the open coordination position and
become capped with a methyl group to generate a methanethi-
olate (or methylselenide) intermediate, which is then trans-
ferred to the substrate in a radical reaction. To explore these
possibilities, the MiaB reaction was run in the presence of exog-
enous methylselenide, and the methylthiolated tRNA product
contained �9:1 selenium to sulfur in the modified base. Fur-
ther, HYSCORE spectroscopy was carried out using [77Se]-
methylselenide and MiaB in which the radical SAM cluster had
been eliminated by mutagenesis and the auxiliary FeS cluster
had been reduced to a paramagnetic [4Fe-4S]� oxidation state
using dithionite. The observation of a strong cross-coupling
peak with a hyperfine interaction tensor of 3.8 MHz indicates
that methylselenide is binding directly to the auxiliary cluster
(37).

Further studies have subsequently been carried out with
RimO, which accepts a 12-residue peptide substrate corre-
sponding to Arg-83 to Tyr-95 of the ribosomal S12 protein. In
the presence of SAM, but in the absence of the peptide sub-
strate and a reductant, the enzyme produces 1 eq of SAH (36).
When the assay is repeated with [methyl-14C]SAM, 1 eq of
radiolabel becomes associated with the enzyme in a manner
that can be readily released by treatment with hydroxide or
urea. GC-MS analysis was used to confirm the identity of the
intermediate as methanethiol, which is formed in a 1:1 stoichi-
ometry with SAH. When the reaction was supplemented with
exogenous methanethiol together with [methyl-2H3]SAM, both
unlabeled (from methanethiol) and 2H-labeled (from SAM)
methylthiolated peptides were generated in an �1:1 ratio,
suggesting that exogenous methanethiol can compete with
enzyme-generated methanethiol. Perhaps most informative, in
contrast to the production of SAH, which occurs in the pres-
ence or absence of a reductant, the generation of 5�-dAH and
the methylthiolated product both required the presence of a
reductant.

The structure of T. maritima RimO has been solved (37) with
two [4Fe-4S]2� clusters but in the absence of SAM or the
peptide or protein substrate (Fig. 2C). The overall structure
contains three major domains. The radical SAM domain con-
tains a [4Fe-4S]2� cluster bound at the C-terminal end of a
partial (��)6 barrel, similar to the structural topology observed
in the radical SAM enzymes HemN and MoaA. A second [4Fe-
4S]2� cluster is bound at the N-terminal end of a five-stranded
� sheet in the UPF0004 domain. Finally, a small domain con-
taining five � strands, which has homology with MiaB, has been
termed the TRAM domain and is proposed to be involved with
recognizing with the RNA or protein substrate. The two [4Fe-
4S]2� clusters are �8 Å apart, and a chain of electron density is
observed between these clusters that is modeled as a pentasul-
fide chain. This chain occupies space that is most likely occu-
pied by SAM in the active enzyme, but it may show the likely
binding site of sulfide or persulfide, as well as the methanethiol
intermediate (Fig. 2D).

Together these data suggest the following reaction sequence
(Fig. 3C). Sulfide or persulfide is bound at the unique iron of the
auxiliary [4Fe-4S]2� cluster. In vivo this sulfur may be deposited
by the action of IscS or a similar cysteine desulfurase. SAM
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binds at the radical SAM site, but reacts in a nucleophilic
methyl transfer reaction, generating methanethiol or a meth-
ylpersulfide intermediate. SAH dissociates and a second equiv-
alent of SAM binds, and in the presence of a reductant, reduc-
tive cleavage of SAM generates a 5�-dA� radical that abstracts a
hydrogen atom from the substrate, for example, in RimO gen-
erating a C3 carbon radical on Asp-89 of the S12 protein. This
radical is then quenched by reacting with the sulfur of meth-
anethiol, in a reaction that has mechanistic similarity to the
thioether bond ring-closing reaction of biotin synthase. Con-
current with transfer of the methylthiol group to generate the
product, the auxiliary FeS cluster would be reduced by transfer
of an electron from the sulfur atom. Electron transfer back to
the radical SAM cluster or to an exogenous oxidant could facil-
itate additional rounds of turnover.

Sactibiotics Are Peptide Antibiotics That Contain
Cysteine to �-Carbon Thioether Cross-links

Ribosomally synthesized peptide antibiotics are now known
to be produced by most organisms, from bacteria to humans.
The peptides are typically too small to have a single defined
structure and are often post-translationally modified with
cross-links between adjacent peptide strands. Common types
of cross-links include traditional disulfide bonds, lantibiotic
thioether bonds, in which a cysteine is cross-linked through
Michael addition to dehydroserine or dehydrothreonine, and
sactibiotic thioether bonds, in which a cysteine is attached to
the �-carbon of any other amino acid. Sactibiotic thioether
bonds are generated through the action of a radical SAM
enzyme (38). Examples include subtilosin A, generated by mod-
ification of the precursor peptide SboA by the radical SAM
enzyme AlbA; sporulation killing factor, generated through the
action of the radical SAM enzyme SkfB on the precursor pep-
tide SkfA; and thuricin CD, generated from the precursor pep-
tides TrnA and TrnB through the combined action of the pro-
posed radical SAM enzymes TrnC and TrnD.

Subtilosin A is a 35-residue cyclic peptide from Bacillus sub-
tilis that contains three cross-links between cysteine residues
and the �-carbon of either phenylalanine (Fig. 1) or threonine.
The three-dimensional NMR structure shows a single loop in
which two helices are held rigidly together by the thioether
cross-links (39). The radical SAM enzyme AlbA catalyzes
thioether bond formation coupled with the conversion of SAM
to 5�-dAH. In addition to the canonical radical SAM [4Fe-4S]2�

cluster binding site, AlbA contains a second [4Fe-4S]2� cluster
bound to Cys-408, Cys-414, and Cys-417 (B. subtilis number-
ing) in a C-terminal domain termed the SPASM domain (40). A
triple cysteine to alanine variant lacking this auxiliary cluster
was not able to generate thioether cross-links. Studies of
thioether bond formation using mutagenesis of the precursor
peptide demonstrated that a leader peptide found in the pre-
cursor peptide SpoB was absolutely required for recognition by
AlbA, and the formation of the three cross-links was highly
cooperative, in that only very low concentrations of singly or
doubly cross-linked peptides were observed, suggesting that all
three cross-links are introduced within the same SboA-AlbA
complex. However, the reaction was not strictly processive, as

mutation of any one of the cysteine residues to alanine did not
prevent cross-linking of the other residues.

Sporulation killing factor is a 26-residue cyclic peptide pro-
duced by B. subtilis that is cross-linked by one disulfide bond
and one thioether bond. The disulfide bond is proposed to be
introduced by SkfH, a protein with homology to thioredoxin,
whereas the thioether bond is introduced by SkfB, a radical
SAM enzyme. In addition to the radical SAM cluster binding
site, SkfB binds a second [4Fe-4S]2� cluster to Cys-380, Cys-
385, and Cys-387 (B. subtilis numbering) (41). Mutagenesis of
this cluster binding site resulted in an enzyme that was inactive
for thioether bond formation. Two further mutagenesis exper-
iments with the SkfA precursor peptide provided some insight
into the specificity of thioether bond formation. First, mutagen-
esis of Cys-4 to Ser did not result in ether bond formation,
suggesting that the radical bond-forming reaction is specific to
sulfur thioether bonds. Second, mutagenesis of the acceptor
site, Met-12, to several other amino acids indicated that virtu-
ally all small or hydrophobic amino acids are tolerated, but that
large hydrophilic or charged amino acids are not tolerated, per-
haps pointing toward a buried hydrophobic binding site within
SkfB.

A reaction scheme has been proposed (Fig. 3D) that is similar
to the ring-closing step of biotin synthase and the methylthiol
transfer step of MiaB and RimO. AlbA or SkfB are proposed to
bind the propeptide such that the cysteine residue becomes the
fourth ligand to the auxiliary [4Fe-4S]2� cluster. The peptide is
presumably folded into the active site such that the �-carbon of
the acceptor amino acid is in close proximity. Reductive cleav-
age of SAM generates a 5�-dA� radical that abstracts a hydrogen
atom from this �-carbon position. The resulting amino acid
radical is quenched by a reaction with the cysteine sulfur atom,
generating the thioether bond and reducing the [4Fe-4S]2�

cluster. Transfer of this electron back to the radical SAM clus-
ter completes the catalytic cycle.

A Common Theme in C–S Bond-forming Radical SAM
Enzymes

Several radical SAM enzymes that catalyze C–S bond forma-
tion have now been sufficiently characterized that a general
theme has emerged. All of these enzymes have a second auxil-
iary FeS cluster that is crucial for the C–S bond formation reac-
tion. In those enzymes where only a sulfur atom is introduced,
this sulfur atom can be scavenged from the FeS cluster itself, but
at the cost of low turnover rates due to the need for cluster
repair following each catalytic cycle. In those enzymes that can
generate or bind a substrate that already contains a sulfur atom,
this sulfur atom can be activated through coordination to one
iron site within a catalytic auxiliary FeS cluster.

The use of an auxiliary FeS cluster to help catalyze C–S bond
formation serves two purposes. First, coordination of a thiol
group such as cysteine to the FeS cluster eliminates the thiol
proton, which could otherwise quench the substrate radical in a
wasteful side reaction. Second, the FeS cluster allows rapid
inner sphere electron transfer out of the sulfur-containing sub-
strate or intermediate, which is essential to generate a stable
electron-paired C–S bond using organic radical chemistry.
Undoubtedly, there are likely to be many more radical SAM
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enzymes that generate C–S bonds, particularly in both ribo-
somal and nonribosomal peptide natural product pathways, but
the general principles elucidated through the studies described
above can serve as a roadmap that guides future work on other
systems.
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In this minireview, we describe the radical S-adenosylme-
thionine enzymes involved in the biosynthesis of thiamin,
menaquinone, molybdopterin, coenzyme F420, and heme.
Our focus is on the remarkably complex organic rearrange-
ments involved, many of which have no precedent in organic
or biological chemistry.

Radical S-adenosylmethionine (SAM)2 enzymes are among
the most intriguing enzymes discovered over the past 15 years.
In these enzymes, reduction of SAM by a [4Fe-4S]1� cluster
generates the adenosyl radical, which then abstracts a hydrogen
atom from the substrate. The resulting substrate radical usu-
ally undergoes a rearrangement or fragmentation reaction to
give the product radical (1). Sequence analysis suggests that
a large number of enzymes use the radical SAM catalytic
motif (2). We are still at an early stage of defining the cata-
lytic mechanisms and the structural enzymology of this fas-
cinating enzyme family.

This minireview focuses on the organic chemistry of the rad-
ical SAM enzymes involved in cofactor biosynthesis: thiamin
(1), F0 (2), menaquinone (3), molybdopterin (4), and heme (5)
(Fig. 1). (Biotin and lipoic biosynthesis also uses radical SAM
enzymology and is covered separately in another minireview in
this series (42).) In contrast to iron(IV)-oxo-derived radicals,
where the dominant chemistry involves radical recombination
with the iron-bound oxygen (P450 rebound rate of �1010 s�1)
(3), radicals formed by hydrogen atom transfer to the 5�-deoxy-
adenosyl (5�-dA) radical are more persistent because the
reverse reaction is relatively slow. This allows time for complex
rearrangements to occur. Radical SAM enzymes catalyze a
remarkable range of reactions due to the high intrinsic reactiv-
ity of organic radicals, which can undergo rapid hydrogen atom

abstraction, double-bond addition, and fragmentation reac-
tions as shown in Fig. 2.

Prokaryotic Thiamin Pyrimidine Synthase (ThiC)

Thiamin pyrophosphate (1) is an important cofactor in
carbohydrate metabolism and branched chain amino acid
biosynthesis, where it plays a key role in stabilization of the
acyl carbanion biosynthon. The thiamin pyrimidine syn-
thase (ThiC) catalyzes the conversion of aminoimidazole
ribotide (AIR; 6) to hydroxymethylpyrimidine phosphate
(HMP-P; 8) (Fig. 3A) (4, 5). The origin of all of the atoms of
the product and the fate of all of the atoms of the substrate
have been determined using isotope labeling studies (6 – 8).
This rearrangement, as far as we can tell, is the most complex
unsolved rearrangement in primary metabolism.

A mechanistic proposal for this reaction is shown in Fig.
3B (5). In this proposal, radical 7 abstracts a hydrogen atom
from 6 to form 10. A �-scission followed by N-glycosyl bond
cleavage gives 12. Electrophilic addition to the aminoimida-
zole followed by hydrogen atom transfer gives 14. The regen-
erated 5�-dA radical (7) abstracts a hydrogen atom from 14
to form 15. Radical addition to the imine followed by �-scis-
sion gives 17. A second �-scission followed by a diol dehy-
dratase-like rearrangement gives 20 and 21. Radical addition
to the pyrimidine followed by tautomerization gives 23. Loss
of formate and CO followed by electron transfer back to the
[4Fe-4S]2� cluster completes the formation of HMP-P (8).
This mechanism is supported by labeling studies (5– 8), by
the identification of CO and formate as reaction products (4,
5), and by a structure of the enzyme with desamino-AIR
bound at the active site (4).

Prokaryotic Thiamin Thiazole Biosynthesis (ThiH)

Tyrosine lyase (ThiH) catalyzes a tyrosine cleavage reac-
tion to form dehydroglycine (28) and p-cresol (29) (9, 10).
Dehydroglycine (28) is a substrate for the bacterial thiazole
synthase involved in the formation of 32 (11). A mechanistic
proposal for the lyase reaction is shown in Fig. 4 (9). Abstrac-
tion of the amine hydrogen atom by the 5�-dA radical gives
30. A �-scission gives dehydroglycine (28) and radical 31,
which is quenched by protonation and reduction. This
mechanism is supported by substrate analog studies and
product characterization (9, 10). Radical SAM amino acid
lyases are a growing family of enzymes and, in addition to
ThiH, now include NosL (involved in nosiheptide biosynthe-
sis) (12), the maturase HydG (involved in the biosynthesis of
the cyanide and carbon monoxide ligands of the [FeFe]-hy-
drogenase cluster) (13, 14), and CofH (involved in deazafla-
vin biosynthesis; see below). The recent structural studies on
tryptophan lyase (NosL) provides clear support for amine
hydrogen atom abstraction and suggest that radical SAM
amino acid lyases are likely to proceed by amine rather than
phenol hydrogen atom abstraction (15).
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Coenzyme F420 Biosynthesis (CofG/CofH or FbiC)

F420 is a hydride transfer cofactor found in methanogens and
in some actinomyces and cyanobacteria. Its precursor, F0 (2), is
formed from tyrosine (27) and ribityldiaminouracil (33) (Fig.
5A). The F0-synthase-catalyzed reaction has been recently
reconstituted using the CofG/CofH and FbiC systems (16). The
formation of F0 is mediated by two separate radical SAM active
sites, one in CofG and the other in CofH or both in separate
domains of FbiC. F0-synthase is therefore an unusual radical SAM
enzyme in that it uses two separate adenosyl radicals to catalyze F0
formation. The key mechanistic question posed by F0-synthase is
how two adenosyl radicals cooperate in the assembly of the deaza-
flavin cofactor. The current mechanistic proposal for this enzyme
is shown in Fig. 5B. In this mechanism, abstraction of the tyrosine

amine hydrogen atom by the CofH adenosyl radical gives 30,
which then undergoes fragmentation, leading to the formation of
28 and 31. Addition of 31 to diaminouracil (33) gives 34, which is
oxidized to 35. A second hydrogen atom abstraction by the CofG
adenosyl radical gives 37. Cyclization to 38, oxidation, and elimi-
nation of ammonia complete the formation of the deazaflavin (2).
This mechanism is supported by the sequence similarity of CofH
and ThiH (Fig. 4). The observation of 33 bound to CofH suggests
that CofH catalyzes the first step of F0 formation.

Futalosine-dependent Menaquinone Biosynthesis
(MqnC and MqnE)

Menaquinone (3) is a membrane-bound electron transfer
cofactor that plays a key role in bacterial respiration, oxidative
phosphorylation, and photosynthesis. In humans, menaqui-
none (vitamin K) is used for the remarkable carboxylation of
glutamic acid residues in proteins involved in blood clotting
and bone morphogenesis.

In the recently discovered futalosine-dependent pathway
(17–20), MqnE catalyzes the conversion of 40 to aminofuta-
losine (41) (21). A mechanistic proposal is outlined in Fig. 6.
In this proposal, the 5�-dA radical (7) adds to 40 to yield the
captodative radical (42). Rearrangement of this radical via
43 gives 44. Such rearrangements have previously been pro-
posed in nonenzymatic systems, but have not yet been stud-
ied in an enzyme-mediated reaction (22–24). Decarboxyla-
tion of 44, facilitated by the alkoxy radical, yields the ketyl
radical (45). A final electron transfer, possibly to the [4Fe-
4S]2� cluster, completes the formation of aminofutalosine
(41) (21). All previously characterized rearrangements
mediated by radical SAM enzymes involve radical genera-
tion by hydrogen atom abstraction from the substrate (25–
28). MqnE represents a new catalytic motif involving addi-
tion of the adenosyl radical to the substrate to generate the
rearranging radical.

FIGURE 1. Cofactor biosynthetic pathways make extensive use of radical SAM enzymology. The structures of the five cofactors described in this minire-
view are shown.

FIGURE 2. Examples of the major radical reactions found in organic chem-
istry. A, hydrogen atom abstraction, e.g. 6 to 10 and 14 to 15. B, addition to
double bonds, e.g. 15 to 16. C–E, �-bond scission reactions, e.g. 10 to 11, 16 to
17, 17 to 18�19, 19 to 21, 22 to 23, 24 to 25, and 25 to 26. All enzymatic
examples are taken from Fig. 3.
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MqnC catalyzes the conversion of 46 to 50 (19, 29). A
mechanistic proposal is outlined in Fig. 7. In this proposal,
the 5�-dA radical abstracts a hydrogen atom from C4� of 46
to give radical 47, which adds to the benzene ring to give
radical 48. Deprotonation followed by oxidation completes
the reaction. This mechanism is supported by the identifica-
tion of the site of hydrogen atom abstraction and by the
product structure (29).

MqnE and MqnC both catalyze radical additions to benzene rings.
Such reactions are still poorly understood biotransformations.

Molybdopterin Biosynthesis (MoaA)

Molybdopterin (4) is a redox cofactor used by enzymes such
as xanthine oxidase, sulfite oxidase, nitrate reductase, carbon

monoxide dehydrogenase, and formate dehydrogenase. The
first step in the biosynthesis of this cofactor involves the MoaA-
catalyzed conversion of GTP (51) to the pterin (52) (Fig. 8A)
(30, 31). This enzyme has two [4Fe-4S] clusters at the active site.
The N-terminal cluster is involved in the reductive cleavage
of SAM, and the C-terminal cluster is involved in substrate
binding (32, 33). A mechanistic proposal is shown in Fig. 8B
(34, 35). In this proposal, hydrogen atom abstraction occurs
from C3� of GTP (51), and the resulting radical adds to C8 of
the purine to form 53. Reduction by the purine-liganded
cluster gives 54, and aminal hydrolysis yields 55, followed by
an �-ketol rearrangement to 56. Ring opening followed by
tautomerization gives 58, which is converted to 52 by con-
jugate addition, water elimination, tautomerization, and ring

FIGURE 3. Radical SAM enzymology in thiamin pyrimidine biosynthesis. A, results of a comprehensive labeling study to determine the fate of all of the
atoms of AIR (6) during the formation of the HMP-P (8). B, mechanistic proposal for the formation of HMP-P (8).

FIGURE 4. Radical SAM enzymology in thiamin thiazole biosynthesis. A, tyrosine lyase (ThiH)-catalyzed reaction. B, mechanistic proposal for this reaction.
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FIGURE 5. Radical SAM enzymology in deazaflavin biosynthesis. A, F0-synthase-catalyzed reaction. B, mechanistic proposal for F0-synthase.

FIGURE 6. Radical SAM enzymology in menaquinone biosynthesis. A, reaction catalyzed by aminofutalosine synthase (MqnE). B, mechanistic proposal for
the MqnE-catalyzed reaction.
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closure sequence. As far as we can determine, analogous
carbon insertion reactions have not been previously re-
ported in carbohydrate chemistry.

This mechanism is supported by labeling studies demon-
strating that C8 of GTP is inserted between C2� and C3� of the
GTP ribose (36) and that the 5�-dA radical abstracts a hydrogen
atom from C3� of GTP (35). In addition, intermediate 54 has
been trapped using native substrate 51 and the substrate analog
2�,3�-dideoxy-GTP (34, 37).

Oxygen-independent Coproporphyrinogen III Oxidase
(HemN)

Heme (5) functions as an oxygen carrier, a redox cofactor,
and a source of the iron-oxo intermediate in biochemical
hydroxylation, epoxidation, and dehydrogenation reactions.
HemN catalyzes the oxidative decarboxylation of copropor-
phyrinogen III (62) to form protoporphyrinogen IX (63) in
heme biosynthesis. A mechanistic proposal for this reaction

is shown in Fig. 9 (38). In this proposal, the 5�-dA radical
abstracts a hydrogen atom from 62, generating 64. This then
undergoes decarboxylation and oxidation to form 63. Repeti-
tion of this chemistry generates the B-ring vinyl group. This
mechanism is supported by a structure of HemN (39), by the
identification of the hydrogen atoms abstracted from copro-
porphyrinogen III (40), and by the detection of the substrate
radical by EPR (41). This decarboxylation (as well as the con-
version of 44 to 45 for MqnE) nicely demonstrates how an
impossible decarboxylation in a closed shell species becomes
possible through radical chemistry.

FIGURE 7. Radical SAM enzymology in menaquinone biosynthesis. Shown
is the mechanistic proposal for the MqnC-catalyzed conversion of 46 to 50.

FIGURE 8. Radical SAM enzymology in molybdopterin biosynthesis. A, MoaA-catalyzed reaction. B, mechanistic proposal for the conversion of GTP (51) to
the pterin (52).

FIGURE 9. Radical SAM enzymology in heme biosynthesis. Shown is the
mechanistic proposal for the coproporphyrinogen III oxidase (HemN)-cata-
lyzed formation of protoporphyrinogen IX (63).
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Conclusions

Radical SAM enzymes are surprisingly prevalent in cofactor
biosynthesis and play key roles in the biosynthesis of thiamin,
menaquinone, molybdopterin, F420, heme, biotin, and lipoic
acid. The novelty of the chemistry demonstrates that, in the
protected and catalytic environment of the enzyme active site,
organic radicals can undergo complex rearrangements never
before found in organic chemistry. As most of these enzymes
have only recently become available, mechanistic analysis is still
in its infancy, and much remains to be discovered in this new
and exciting area of cofactor biosynthesis.
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Nitrogenase, [FeFe]-hydrogenase, and [Fe]-hydrogenase enzymes
perform catalysis at metal cofactors with biologically unusual
non-protein ligands. The FeMo cofactor of nitrogenase has a
MoFe7S9 cluster with a central carbon, whereas the H-cluster of
[FeFe]-hydrogenase contains a 2Fe subcluster coordinated by
cyanide and CO ligands as well as dithiomethylamine; the [Fe]-
hydrogenase cofactor has CO and guanylylpyridinol ligands at a
mononuclear iron site. Intriguingly, radical S-adenosyl-L-me-
thionine enzymes are vital for the assembly of all three of these
diverse cofactors. This minireview presents and discusses the
current state of knowledge of the radical S-adenosylmethionine
enzymes required for synthesis of these remarkable metal
cofactors.

Despite the potential deleterious effects of radical reactions
and unconstrained metal ions, the exquisitely controlled pro-
tein armature of metalloenzymes and the orchestration of their
biosynthetic accessory proteins allow for the creation of com-
plex metal centers that accomplish formidable catalysis. N2
reduction to ammonia occurs at the nitrogenase FeMo cofac-
tor, which can be viewed as a complex bridged metal assembly
consisting of a [4Fe-3S] cluster linked to a [Mo-3Fe-3S] cluster
by three sulfides and a central carbon (Figs. 1A and 2A) (1, 2).
Reversible reduction of protons to H2 occurs at the [FeFe]-
hydrogenase H-cluster, a [4Fe-4S] cubane bridged by a cysteine
to a 2Fe subcluster containing CO, CN�, and dithiomethyl-
amine ligands (Figs. 1B and 2B) (3). The reversible conversion
of methylenetetrahydromethanopterin to methenyltetrahydro-
methanopterin and H2 is catalyzed at a mononuclear iron active
site, the ligands of which include two CO factors and one gua-
nylylpyridinol cofactor (Figs. 1C and 2C) (4).

Metal cofactor assembly begins with the synthesis of FeS
clusters by either the housekeeping iron-sulfur cluster assem-
bly machinery (5) in the case of [FeFe]-hydrogenase or the Nif
(nitrogen fixation)-specific homologs in the case of nitroge-
nase. The biosynthetic steps necessary for preparation of
[FeFe]-hydrogenase and nitrogenase active sites require addi-
tional dedicated proteins that include scaffolds for assembly of

the nascent cluster, as well as radical S-adenosyl-L-methionine
(SAM)2 enzymes that synthesize unique non-protein ligands.
Whereas less is known about the assembly of the iron-guany-
lylpyridinol (FeGP) cofactor of the [Fe]-hydrogenase, it is clear
that radical SAM chemistry is involved (6).

It is interesting to note that in all three enzymes discussed
here, the metal cofactors are organometallic in nature and exist
with only minimal protein coordination (Figs. 1 and 2). The
FeMo cofactor of nitrogenase is covalently bound to the protein
by only one histidine and one cysteine ligand; the 2Fe subcluster
of the H-cluster of [FeFe]-hydrogenase and the FeGP cofactor
of [Fe]-hydrogenase have only a single cysteine ligand.

Radical SAM chemistry is required for the synthesis of each
of these inorganic cofactors, despite the fact that there is no
single non-protein ligand shared by all three cofactors. The
requirement for radical SAM chemistry to synthesize this
diverse array of non-protein ligands reflects the wide variety of
chemical transformations that can be initiated by hydrogen
atom abstraction (7).

Nitrogenase FeMo Cofactor Biosynthesis

Found in a variety of bacteria and some methanogenic
archaea, nitrogenase plays a critical role in the global nitrogen
cycle by reducing N2 to NH3 (Fig. 1A). Cleavage of the triple
bond in N2 requires considerable energy, as reflected in the high
temperatures, high pressures, and catalysts required to attain
practical rates of N2 reduction industrially (8). In contrast,
nitrogenase employs ATP to drive the process at atmospheric
pressure and ambient temperatures and accomplishes this
through the activity of some of the most complex metal clusters
observed in biology. Although alternative nitrogenases are
known to contain vanadium or iron instead of molybdenum at
the active-site cluster (9), the molybdenum nitrogenases are the
most common and well characterized; thus, these will serve as
the main source of examples for this discussion.

The active molybdenum nitrogenase consists of two pro-
teins: 1) an Fe protein (NifH) with a [4Fe-4S] cluster and 2) a
MoFe protein (NifDK) with an [8Fe-7S] P-cluster and a
[Mo-7Fe-9S-C-homocitrate] cluster, which is referred to as the
FeMo cofactor. The Fe protein is a homodimer with a binding
site for ATP hydrolysis in each subunit and a [4Fe-4S] cluster
bridging the two subunits (Fig. 1A). The MoFe protein is a het-
erotetramer with the P-cluster sitting at each ��-subunit inter-
face, whereas the FeMo cofactors are located within each
�-subunit (10 –13). During catalysis, electrons are transferred
from the [4Fe-4S] cluster in the Fe protein to the P-cluster in
the MoFe protein and ultimately to the FeMo cofactor where
N2 is reduced. However, to create this incredible protein assem-
bly with the three critical clusters required for activity, a host of
maturase enzymes is involved, with one of these being the rad-
ical SAM enzyme NifB.
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The FeMo cofactor is synthesized (Fig. 3, panel I) by complex
biosynthetic machinery, which includes the radical SAM
enzyme NifB. FeMo cofactor assembly begins with the forma-
tion of [2Fe-2S] and [4Fe-4S] clusters, which are synthesized by
the combined actions of NifS, a cysteine desulfurase, and NifU,
a scaffolding protein (14, 15). Both NifS and NifU are homologs
of IscS and IcsU, which have analogous roles in general FeS
cluster assembly. After transfer of these [4Fe-4S] clusters to
NifB, radical SAM chemistry is required to create a FeMo
cofactor precursor cluster that has six to eight iron atoms, nine

sulfur atoms, and one central carbon (16–18). This carbon-con-
taining precursor has been referred to as the NifB-co (1) and is
transferred to a scaffold protein, NifEN, which is structurally sim-
ilar to the MoFe protein (16–22). Additional steps, including the
addition of molybdenum (by NifQ) and homocitrate (by NifV),
occur by the activity of additional accessory enzymes, not
addressed here, en route to the synthesis of the FeMo cofactor (19,
20, 23–26). The final step of maturation (22) is the transfer and
insertion of the FeMo cofactor to a cofactorless MoFe protein to
produce an active nitrogenase (19, 20, 25, 27).

FIGURE 1. Active-site metal centers within protein structures. A, nitrogenase with the FeMo cofactor magnified (oval) (PDB ID 1M1N). B, [FeFe]-hydrogenase
with the H-cluster magnified (oval) (PDB ID 3C8Y). C, [Fe]-hydrogenase with the FeGP cofactor magnified (oval) (PDB ID 3F47). The additional cluster in
nitrogenase is the P-cluster at the interface between NifD (green) and NifK (dark gray); the additional clusters in [FeFe]-hydrogenase are the F-clusters involved
in electron transfer. Multiple protein subunits are distinguished by color: for nitrogenase, the MoFe protein tetramer is illustrated with one ��-subunit
including NifD (green) and NifK (dark gray), whereas the second ��-subunit is light gray; for [Fe]-hydrogenase, one subunit of the dimer is pink, whereas the
other is dark gray. In the cofactor magnifications, the protein-based ligands touch the outside of the oval. Blue, nitrogen; red, oxygen; orange, phosphorus;
yellow-orange, sulfur; rust, iron; aqua, molybdenum; magenta, unknown; gray, carbon, unless part of a protein-based ligand, in which case, the carbons are the
same color as the protein schematic. H4-MPT, tetrahydromethanopterin.

FIGURE 2. Structural drawings of the metallocofactors. A, FeMo cofactor of nitrogenase. B, H-cluster of [FeFe]-hydrogenase. C, FeGP cofactor of [Fe]-
hydrogenase. X* and **X, locations of catalysis; Hcit, homocitrate).
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NifB contains the CX3CX2C motif characteristic of the radi-
cal SAM superfamily; however, until recently, the specific func-
tion of this enzyme in FeMo cofactor assembly was unclear.
Due to a lack of solubility of NifB, Wiig et al. (17) investigated
NifB via studies of a fusion protein, NifEN-B, overexpressed in
Azotobacter vinelandii in the presence of all accessory proteins
except the Fe protein (NifH) and the MoFe protein (NifDK).
The goal was to halt cluster maturation at the NifB state until
SAM was added; the addition of SAM then would allow modi-
fication of the cluster(s) on NifB and the subsequent transfer of
the product cluster to NifEN. Initial EPR characterization dem-
onstrated that, prior to the addition of SAM, a single axial EPR
signal (g � 2.02, 1.95, and 1.90) existed (17); given that sequence
annotation predicted that NifB contains both a radical SAM
[4Fe-4S] cluster and two other [4Fe-4S] clusters, the observed
paramagnetic signal could be explained by either all clusters
having similar g values or by only one of these clusters being
EPR-active. Upon SAM addition to NifEN-B, this axial signal
disappeared, and an isotropic signal (g � 1.94) appeared and
was assigned to the Fe8S9C cluster (17). Although the origin of
these EPR spectral changes with SAM addition was not clear at
the time, spectroscopic evidence for an interstitial carbon in the
precursor and FeMo cofactor clusters (21, 22, 28 –30) suggested
that the NifB-catalyzed reaction served to install the central
carbon atom.

NifB does not require substrate other than SAM to catalyze
the transformation of two [4Fe-4S] clusters to the FeMo cofac-
tor precursor FeS cluster with a central carbon. This result,
together with the observation that both 5�-deoxyadenosine and
S-adenosylhomocysteine (SAH) were formed as products,
pointed to potential roles for SAM as both radical precursor
and substrate. Reductive cleavage of SAM generally produces a
5�-deoxyadenosyl radical (dAdo�), which, upon hydrogen atom

abstraction from substrate, is converted to 5�-deoxyadenosine.
On the other hand, SAH is the expected product when SAM
acts as a methyl donor (16). Use of methyl-d3-SAM in the NifB
reaction yielded deuterated 5�-deoxyadenosine product,
providing evidence that dAdo� abstracts a hydrogen atom from
a methyl originating from another SAM (Fig. 4, upper panel)
(16). Furthermore, incubation of [methyl-14C]SAM with the
NifEN-B protein yielded 14C label incorporation into the clus-
ter, but not the polypeptides of the protein, suggesting direct
transfer of the carbon from SAM to the cluster without a pro-
tein-bound intermediate (16). Thus, multiple lines of evidence
implicate the methyl group of SAM as the source of the central
carbon in the cluster intermediate synthesized on NifB and ulti-
mately in the FeMo cofactor on the mature MoFe protein.

One mechanism proposed for the carbon atom insertion
process (Fig. 4, upper panel) involves the SN2 transfer of the
methyl on SAM to a sulfide of a [4Fe-4S] cluster on NifB.
Reductive cleavage of the second equivalent of SAM then pro-
duces a dAdo� that abstracts a hydrogen atom from the methyl
just added to the [4Fe-4S] cluster. This mechanism has chemi-
cal precedent in radical SAM enzymes, as it is similar to that
proposed for the RNA methyltransferase radical SAM enzymes
RlmN and Cfr (31, 32). An alternative mechanism (not shown)
requires that the first equivalent of SAM is reductively cleaved
to form a methyl radical, which is then transferred to an iron of
a [4Fe-4S] cluster on NifB. The reductive cleavage of the second
equivalent of SAM forms dAdo�, which then abstracts a hydro-
gen atom from this methyl group. This second scheme seems
less likely because it requires two distinct radical-forming reac-
tions at a single radical SAM active site; however, further stud-
ies should decipher this. After these initial steps, both mecha-
nisms are expected to converge and involve proton loss from
the intermediate species in conjunction with the further incor-

FIGURE 3. Schematic illustration of the biosynthesis of the FeMo cofactor of nitrogenase (panel I) and the H-cluster of [FeFe]-hydrogenase (panel II).
Similar steps in the two pathways are shown in the same shade of gray. From top to bottom, these steps are radical SAM-based ligand synthesis, assembly of
the precursor on a scaffold protein, and transfer of a cluster precursor to the apoenzyme. Gray, carbon; blue, nitrogen; red, oxygen; orange, phosphorus;
yellow-orange, sulfur; rust, iron; aqua, molybdenum; magenta, unknown. HC, homocitrate.
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poration of the carbon to form the Fe6 – 8S9C cluster. The car-
bon atom insertion is concomitant with incorporation of a sul-
fide of unknown origin that bridges the two clusters, as well as
rearrangement of the two clusters, although the details of the
mechanism by which this occurs have yet to be elucidated.

[FeFe]-Hydrogenase H-cluster Biosynthesis

[FeFe]-Hydrogenases are distinguished by the organometal-
lic H-cluster at the active site and are found in numerous spe-
cies of anaerobic prokaryotes (such as sulfate reducers and Fir-
micutes) lower eukaryotes, including green alga and protists
(33, 34). The H-cluster (Fig. 1B) consists of a [4Fe-4S] cluster
linked via the thiolate of a cysteine residue to a 2Fe subcluster
coordinated by three CO and two CN� ligands and a bridging
dithiomethylamine (Fig. 2B). Only three accessory proteins are
required for generation of this active-site cluster; these include
the radical SAM enzymes HydE and HydG and the GTPase
HydF (35, 36). Evidence suggests that these three accessory pro-
teins are specifically directed toward the synthesis of only the
2Fe subcluster of the H-cluster (Fig. 3, panel II) (36 – 40). When
these three maturation proteins are expressed together in Esch-
erichia coli and then HydF is purified from the cells, this
HydFEG is able to generate an active hydrogenase in the absence
of other proteins or exogenous small molecules, indicating that
HydF serves as a scaffold or carrier during H-cluster assembly

(37, 38). Observation of vibrational bands associated with
Fe-CO and Fe-CN and Fe-CO-Fe species (41, 42) on HydFEG,
but not on HydF expressed without HydE and HydG (HydF�EG)
(41), further supports a scaffolding role for HydF. Most
recently, synthetic models of the 2Fe subcluster of the H-cluster
have been inserted into HydF�EG, and this semisynthetic holo-
HydF has been shown to be competent for hydrogenase matu-
ration, providing yet further evidence that HydF acts as a scaf-
fold/carrier for the 2Fe subcluster precursor (43).

HydG Catalyzes CO and CN� Biosynthesis—HydG (44) exhib-
its significant sequence homology to ThiH, a radical SAM
enzyme that catalyzes the C�–C� bond cleavage of tyrosine to
produce p-cresol and dehydroglycine (DHG), the latter of
which is a precursor in thiamine biosynthesis (45). This
sequence homology ultimately led to testing of tyrosine as a
substrate for HydG, and p-cresol was observed as a product
(46). At the time, it was proposed that the presumed DHG
product of HydG served as a precursor for the dithiomethyl-
amine of the H-cluster; however, the source of this ligand
remains unknown. Driesener et al. (47) demonstrated that CN�

was formed in the HydG-catalyzed reaction at an �1:1:1 stoi-
chiometric ratio with p-cresol and 5�-deoxyadenosine. Subse-
quent HydG assays in which deoxyhemoglobin was included in
the assay mixture demonstrated the conversion of deoxyhemo-

FIGURE 4. Schematic illustration of the reactions catalyzed by NifB (upper panel) and HydG (lower panel). For the NifB reaction, SN2 methylation of a
cluster sulfide by SAM is followed by radical SAM chemistry, resulting in hydrogen atom abstraction from this cluster methyl and subsequent insertion of
carbon to form a Fe6 – 8S9C cluster. For the HydG reaction, the dAdo� produced upon reductive cleavage of SAM abstracts an hydrogen atom from tyrosine,
eventually generating a 4-hydroxybenzyl radical and DHG; further reaction of DHG leads to the formation of CO and CN� ligands ultimately found in the 2Fe
subcluster of the H-cluster. SAH, S-adenosylhomocysteine.
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globin to carboxyhemoglobin, resulting from the HydG-cata-
lyzed production of CO (48). In both the CN� and CO assays,
use of isotopically labeled tyrosine coupled with mass spectral
or FTIR analysis demonstrated that the diatomic products are
derived from tyrosine (47, 48). Interestingly, similar rate con-
stants for formation of both CO (kcat � 11 � 10�4 s�1 at 30 °C
for carboxyhemoglobin) (48) and CN� (kcat � 20 � 10�4 s�1 at
37 °C for the CN� adduct) (47) in separate experiments pro-
vided support that these species arose from the same interme-
diate, presumably DHG. Furthermore, isotopic labeling has
revealed that all of the diatomic ligands of the H-cluster are
derived from tyrosine (49), implying that HydG provides all of
the diatomic ligands of the H-cluster. Intriguingly, the reaction
catalyzed by HydG as shown in Fig. 4 should provide CO and
CN� in a 1:1 stoichiometric ratio, and yet the H-cluster con-
tains these ligands in a 3:2 ratio. Therefore, assembly of the
H-cluster may require three turnovers of HydG, producing
three CN� and three CO molecules. As only two CN� mole-
cules are incorporated into the H-cluster, the rate of the third
CN� is undefined at this time.

The mechanism by which HydG catalyzes this intriguing
reaction is currently under active investigation (Fig. 4). HydG
binds two [4Fe-4S] clusters (48, 50), both the radical SAM clus-
ter at the N-terminal CX3CX2C motif and a second site-differ-
entiated cluster in the C-terminal domain at a CX2CX22C motif.
Both clusters are essential for synthesis of the diatomic prod-
ucts and for achieving hydrogenase maturation (36, 48, 50). A
recent study has shown that the N-terminal cluster alone is
involved in the reductive cleavage of SAM and the C�–C� bond
cleavage of tyrosine to produce p-cresol (50). However, the
C-terminal domain is essential for the subsequent production
of the diatomic products from DHG (50 –52). These two site-
differentiated [4Fe-4S] clusters are expected to be bound at
opposite ends of a (��)8 TIM (triose-phosphate isomerase) bar-
rel based on comparison with PylB and HydE, structurally char-
acterized radical SAM enzymes with considerable sequence
similarity (3, 53).

To separately analyze the SAM and C-terminal clusters, var-
iant proteins were created: 1) a C-terminal deletion (�CTD)
variant, in which the entire C-terminal domain was eliminated,
and 2) a C96A/C100A/C103A variant, in which the cysteines of
the SAM-binding cluster were mutated to alanines. EPR analy-
sis of purified, reconstituted, and photoreduced HydG�CTD
demonstrated an axial signal akin to wild-type HydG that was
perturbed by addition of SAM (50); in contrast, the C96A/
C100A/C103A variant lacking the N-terminal SAM-binding
cluster showed no perturbation of the wild-type axial EPR sig-
nal with addition of SAM (50). Furthermore, the �CTD variant
catalyzed reductive cleavage of SAM and tyrosine to generate
p-cresol, but could produce neither CO nor CN� (50 –52).
Together, these results suggest that the N-terminal cluster
alone is responsible for the radical SAM chemistry resulting in
the initial tyrosine reaction to produce p-cresol, whereas
diatomic ligand production requires elements in the C-termi-
nal domain and the accessory cluster itself.

The specific mechanistic steps involved in the synthesis and
delivery of the diatomic products of HydG remain a subject of
current inquiry. Although tyrosine was proposed to coordinate

to the C-terminal cluster (54) in a manner similar to the coor-
dination of GTP to the C-terminal cluster of the radical SAM
enzyme MoaA (55), recent results demonstrate that the C-ter-
minal cluster is not involved in or required for tyrosine cleav-
age, making tyrosine binding to this cluster unlikely (3, 44, 50).
However, spectroscopic evidence does suggest that a fragment
of tyrosine may bind to this cluster (56), consistent with a role
for this cluster in breaking down DHG to CO and CN�. It was
originally proposed that HydG synthesized and delivered only
the diatomic products; however, recent studies provide evi-
dence that CO and CN� produced by HydG coordinate to an
iron on the protein, possibly the unique iron of the C-terminal
cluster (56). Furthermore, use of 57Fe-enriched HydG has pro-
vided evidence that iron from HydG becomes incorporated into
the H-cluster (56). Although some specifics of the diatomic
ligand production and delivery by HydG are debated, the steps
illustrated in Fig. 4 provide a reasonable framework consistent
with current data. In the initial step, SAM bound to the N-ter-
minal [4Fe-4S] cluster undergoes reductive cleavage to gener-
ate dAdo�. This dAdo� abstracts a hydrogen from tyrosine to
produce a radical that undergoes heterolytic C�–C� bond
cleavage to give a 4-hydroxybenzyl radical and DHG (44, 50,
54). Presumably, DHG decomposition occurs in the C-terminal
domain and is key for the generation of CO and CN�. The
breakdown of DHG to these diatomics is unprecedented and
novel chemistry, and it seems most likely to occur via a radical
mechanism, possibly initiated by hydrogen atom abstraction
from DHG by the 4-hydroxybenzyl radical.

Role of HydE in H-cluster Biosynthesis—In contrast to HydG,
several crystal structures of HydE have been solved (Protein
Data Bank (PDB) ID 3IIZ, 3IIX, 3CIX, and 3CIW) (57–59).
These structures illustrate a complete (��)8 TIM barrel with an
internal electropositive channel that extends from the SAM-
binding cluster at the top of the barrel to the bottom of the
barrel. The channel appears to include three specific anion-
binding locations, including one near the bottom of the barrel,
which was found to bind thiocyanate in soaking experiments
(58). Thus, at the top of the barrel, radical SAM chemistry could
act on substrate to form intermediates that travel the length of
the barrel before being transferred to another protein such as
HydF (58, 60). Although previously annotated as having
sequence similarity to the radical SAM enzyme biotin synthase
(BioB) (58), a greater similarity exists with the methylornithine
synthase PylB (61).

Because HydG is known to synthesize the diatomic ligands
of the H-cluster, HydE is presumed to synthesize the dithio-
methylamine ligand (62, 63); however, the substrate for HydE
has yet to be identified. It has been suggested that HydE plays no
essential role in hydrogenase maturation (64), although this
seems unlikely given the in vivo and in vitro evidence that HydE
is essential to the assembly process and conservation of hydE
across species with hydF and hydG (35, 36, 38).

Although the substrate and product of HydE have yet to be
identified, the interactions between HydE and the other
maturase enzymes have been investigated. Both HydG and
HydE have been observed to stimulate the rate of GTP hydro-
lysis in HydF (38), possibly implying a connection between GTP
hydrolysis on HydF and the interactions with the other two
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maturases. Surface plasmon resonance experiments corrobo-
rated this result, as the presence of GTP increased the rate of
dissociation of HydG and HydE from HydF (65). Furthermore,
although surface plasmon resonance experiments revealed that
neither HydG nor HydE could displace each other from HydF, a
stronger interaction between HydE and HydF compared with
that between HydG and HydF was observed (65). The strength
of this interaction is perhaps related to the observation that
HydE and HydF are fused in some organisms (36), as the radical
SAM enzyme NifB is fused to the NifEN scaffold in Clostridium
acetobutylicum (66), and could be interpreted to emphasize the
independent role of both HydE and HydG in hydrogenase mat-
uration. As depicted in Fig. 3 (panel II), the radical SAM
enzymes are expected to deliver the CO and CN� (HydG) and
dithiomethylamine-bridging (HydE) ligands to form the 2Fe
subcluster on HydF, which is essential for the formation of the
complete H-cluster and activation of hydrogenase.

[Fe]-Hydrogenase (Hmd) Cofactor Biosynthesis

[Fe]-hydrogenase, or H2-forming methylenetetrahydro-
methanopterin dehydrogenase (Hmd) (Fig. 1C), is an enzyme in
the pathway that produces methane from CO2 (4). The enzyme
utilizes a novel cofactor, FeGP (Fig. 2C) (67), to catalyze the
reversible reduction of methenyltetrahydromethanopterin�

with H2 to yield methylenetetrahydromethanopterin and a pro-
ton (68 –70). The FeGP cofactor contains a low-spin iron(II)
(71, 72) that is octahedrally coordinated to 1) the thiol of the
cysteine ligand (73, 74), 2) two CO ligands (75), and 3) nitrogen
and carbon from the guanylylpyridinol. The sixth ligand
remains undefined but presumably is the site of the methe-
nyltetrahydromethanopterin� reduction (Fig. 2C) (67, 76, 77).
The nine carbons in the pyridinol moiety of the FeGP cofactor
are derived from acetate, methionine, pyruvate, and CO2 (78).

[Fe]-Hydrogenases are found in hydrogenotrophic methano-
genic archaea and are the only other hydrogenases in these
organisms aside from various [NiFe]-hydrogenases; thus, when
the nickel content is below a certain threshold, [Fe]-hydro-
genase is up-regulated as compensation (79). Although the hmd
gene codes for [Fe]-hydrogenase, the accessory proteins are
coded for by the hcgA-hcgG suite of genes, and all seven are
required for Hmd activation (80). Although the specific roles of
each of these genes have yet to be determined, annotation has
provided some clues: hcgA is annotated as a radical SAM
enzyme; hcgB appears to have a phosphate-binding domain that
shares structural similarities with pyrophosphatases (PDB ID
3BRC) and catalyzes the guanylyltransferase reaction to form
the guanylylpyridinol part of the cofactor (80, 81); hcgC has a
putative NAD(P)-binding Rossmann-like domain; hcgD is pro-
posed to be an iron chaperone for the FeGP cofactor (82); and
hcgG may have a SAM-binding domain but is annotated as a
fibrillarin-like protein (80). The detailed roles of each of these
accessory proteins remain undefined.

The accessory gene hcgA codes for a protein that harbors a
motif (CX5CX2C) similar to the canonical radical SAM
CX3CX2C motif. This CX5CX2C motif found in HcgA is
expected to coordinate three irons in a [4Fe-4S] cluster, leaving
a site-differentiated iron that is coordinated by SAM (6).
Although the cluster-binding motif is slightly different from the

canonical motif, other radical SAM proteins such as Elp3 and
ThiC (83, 84) have also been shown to have altered motifs.
Although the substrate of HcgA is not known, the purified pro-
tein has been shown to catalyze the uncoupled reductive cleav-
age of SAM (6). Upon reduction, the purified protein gives rise
to an EPR signal consistent with the presence of a [4Fe-4S]�
cluster, which is altered upon addition of SAM (6). Due to
sequence similarity with HydG, the role of HcgA was tenta-
tively assigned to be generation of the CO ligands for the
FeGP cofactor; however, in vivo labeling studies illustrated that
the CO ligands of the FeGP cofactor come from CO2 (78).
Furthermore, transfer of the methyl group on L-[methyl-
2H3]methionine to the pyridinol ring implied that a potential
SAM-dependent methyltransferase reaction might occur (78).
However, without further evidence, the role of HcgA in the
synthesis of the FeGP cofactor remains the subject of current
inquiry.

Concluding Remarks

Despite significant progress, important aspects of the overall
metallocofactor assembly pathways and the specific roles of the
radical SAM enzymes remain unresolved. With regard to FeMo
cofactor biosynthesis, aspects of the mechanism of carbon
insertion, sulfide incorporation, and cluster rearrangement
have yet to be elucidated. For H-cluster biogenesis, the mecha-
nism of formation of CO and CN� from tyrosine, the identity of
the substrate of HydE, and the detailed steps involved in assem-
bly and delivery of the 2Fe subcluster of the H-cluster will be the
focus of future work. For the FeGP cofactor maturation in [Fe]-
hydrogenase, the role of the radical SAM enzyme HcgA is cur-
rently unresolved. The discovery of the involvement of radical
SAM chemistry in the synthesis of organometallic cofactors in
biology adds fascinating new examples of the remarkable chem-
istry that can be catalyzed by this diverse superfamily, using the
simple combination of an iron-sulfur cluster and SAM.
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Radical S-adenosylmethionine (SAM) enzymes use the oxi-
dizing power of a 5�-deoxyadenosyl 5�-radical to initiate an
amazing array of transformations, usually through the abstrac-
tion of a target substrate hydrogen atom. A common reaction of
radical SAM (RS) enzymes is the methylation of unactivated car-
bon or phosphorous atoms found in numerous primary and sec-
ondary metabolites, as well as in proteins, sugars, lipids, and
RNA. However, neither the chemical mechanisms by which
these unactivated atoms obtain methyl groups nor the actual
methyl donors are conserved. In fact, RS methylases have been
grouped into three classes based on protein architecture, cofac-
tor requirement, and predicted mechanism of catalysis. Class A
methylases use two cysteine residues to methylate sp2-hybrid-
ized carbon centers. Class B methylases require a cobalamin
cofactor to methylate both sp2-hybridized and sp3-hybridized
carbon centers as well as phosphinate phosphorous atoms. Class
C methylases share significant sequence homology with the RS
enzyme, HemN, and may bind two SAM molecules simultane-
ously to methylate sp2-hybridized carbon centers. Lastly, we
describe a new class of recently discovered RS methylases. These
Class D methylases, unlike Class A, B, and C enzymes, which use
SAM as the source of the donated methyl carbon, are proposed
to methylate sp2-hybridized carbon centers using methylenetet-
rahydrofolate as the source of the appended methyl carbon.

The prevalence and significance of methylation reactions in
biology is well established (1, 2). Methyl groups are appended to
a wide array of biological molecules, including numerous small-
molecule metabolites and natural products, and various mac-
romolecules, such as proteins, DNA, RNA, carbohydrates, and
lipids. In the vast majority of methylation reactions, S-adeno-
syl-L-methionine (SAM)2 is the source of the appended methyl
group (3, 4). In classical methyltransferase (MTase) reactions,
strong nucleophiles such as R-O�, R-NH2, and R-S� attack the

sp3-hybridized methyl group of SAM to generate the methyl-
ated product with concomitant formation of S-adenosyl-L-
homocysteine (SAH) (2, 5, 6). Although less common, weakly
nucleophilic, sp2-hybridized carbon atoms are also known to
react in this manner, but with nucleophilic assistance by an
active-site cysteine residue, as in C5 methylation of cytosines by
DNA methyltransferases (7–10). Relatively recently, however,
it has come to light that SAM, and in some instances additional
cofactors, can be used to methylate inert carbon or phospho-
rous atoms via pathways involving radical intermediates. These
reactions are catalyzed exclusively by radical SAM (RS)
enzymes (11).

RS enzymes (Pfam PF04055), now comprising over 113,000
unique sequences (12), catalyze the reductive cleavage of SAM
to a highly oxidizing 5�-deoxyadenosyl 5�-radical (5�-dA�),
which initiates radical-based transformations by strategically
abstracting a substrate hydrogen atom (H�) (13–15). All of these
enzymes require at least one [4Fe-4S] cluster, which supplies
the requisite electron for reductive cleavage (16). The diversity,
as well as in many instances the complexity, of transformations
catalyzed by RS enzymes is astonishing (14, 15, 17). Of the
113,000 recognized or suspected RS proteins, at least 10,000 are
known or predicted to catalyze methylation reactions, although
this number is likely to be an underestimation due to the large
number of sequences with unknown function. Several review
articles on RS methylases have been published in the recent past
(11, 18 –21). One key review by Zhang et al. (11) assigned these
enzymes into three classes (Class A, B, and C) that are distin-
guished by protein architecture, cofactor requirement, and pre-
dicted reaction mechanism. Class A enzymes use two strictly
conserved cysteines to catalyze methylation of sp2-hybridized
carbon centers, whereas Class B enzymes use a cobalamin
cofactor to catalyze methylation of phosphinate phosphorous
atoms and sp2- and sp3-hybridized carbon centers. Lastly, Class
C enzymes exhibit sequence homology to the RS protein
HemN, and may bind two molecules of SAM simultaneously
to effect methylation of sp2-hybridized carbon centers (11).
Herein, we recapitulate some of the most salient features of that
review, update current understanding and theory about RS
methylases, and describe a new class (Class D) of RS methylases
that, unlike Classes A, B, and C, are proposed to use methyl-
enetetrahydrofolate rather than SAM as the source of the
appended methyl carbon atom (22).

Class A RS Methylases

Class A RS methylases are represented by RlmN and Cfr, and
are the best characterized of these enzymes (Table 1). RlmN
catalyzes methylation of C2 of adenosine 2503 (A2503) in 23 S
rRNA as well as C2 of adenosine 37 (A37) in several Escherichia
coli tRNAs and most likely tRNAs in other organisms (23–25).
RlmN is ubiquitous or nearly ubiquitous in bacteria, and is also
found in limited occurrences in archaea and lower eukaryota
(26). It is a nonessential protein in E. coli, but enhances trans-
lational fidelity and fitness of the organism (27). Cfr, which is
homologous to RlmN, preferentially catalyzes methylation of
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C8 of the exact same nucleotide (A2503) but will also catalyze
C2 methylation (28). Cfr-catalyzed C8 methylation confers
resistance to at least five classes of currently used antibiotics
that target the 50 S subunit of the bacterial ribosome (29 –32).

In addition to the three cysteines that ligate the iron-sulfur
(Fe/S) cluster cofactor, RlmN and Cfr contain two additional
strictly conserved cysteines that are essential for catalysis (33–
35). These additional cysteines distinguish Class A enzymes
from other RS methylases and contribute to their unique reac-
tion mechanism (11, 33, 35). Initial in vitro characterization of
RlmN and Cfr by Fujimori and co-workers (36) demonstrated
that both SAH and 5�-dA are produced during the reaction,
suggesting that SAM is used both as a radical initiator and as the
source of the methyl group. Subsequent studies by the same
group showed that only two deuteriums are incorporated in the
methylated RNA product when [methyl-2H3]SAM is used in
the RlmN reaction, indicating that an intact methyl group is not
transferred directly from SAM to the RNA substrate (37). This
observation led to the proposal that one molecule of SAM is
reductively cleaved to form the 5�-dA�, which abstracts a hydro-
gen atom (H�) from a second, simultaneously bound molecule
of SAM (37).

Further characterization of the RlmN and Cfr reactions
under single turnover conditions suggested that they proceed
via a ping-pong mechanism rather than one in which two mol-
ecules of SAM and the RNA substrate are bound simultane-
ously (33). Studies by Booker and co-workers (33, 38, 39)
showed that during the first turnover of RlmN and Cfr, when
overproduced and purified with the [4Fe-4S] cluster intact,
exogenous SAM is not the source of the appended methyl
group. When RlmN and Cfr reactions were run in the presence
of [methyl-2H3]SAM and a 7-nucleotide RNA substrate, the
methylated products were not enriched with deuterium. How-
ever, when RlmN and Cfr were overproduced in a methionine
auxotroph of E. coli cultured in medium supplemented with
[methyl-2H3]methionine, the methylated products contained
up to two deuteriums when the enzymes were incubated under
turnover conditions in the presence of unlabeled SAM. There-
fore, in the first turnover, the incorporated methyl group
reflected, albeit not fully, the isotopic composition of SAM in

the cells. Subsequent high-resolution mass spectrometric anal-
ysis of purified RlmN revealed the presence of a methyl moiety
appended to Cys-355 of the protein (Cys-338 in Cfr), which was
later observed in the x-ray crystal structure of RlmN with
bound SAM (33, 38). The x-ray crystal structure of RlmN in the
presence of SAM provided strong evidence that the unique
iron-ion of the Fe/S cluster serves as the binding site both for
the SAM molecule that donates a methyl group to Cys-355
(Cys-338 in Cfr) and for the SAM molecule that is cleaved to the
5�-dA�. The structure shows coordination of SAM to the unique
iron ion of the [4Fe-4S] cluster, as is typical for RS enzymes,
with the sulfur atom of Cys-355 located within 6 Å of the methyl
and 5�-carbons of SAM. Further Mössbauer spectroscopic and
biochemical studies showed that the Fe/S cluster is indeed
required for methyltransfer from SAM to Cys-355 (38, 39).

Based on the above experimental observations as well as
those from other laboratories (40), a mechanism was proposed
that accounted for all published data and that highlighted the
unique roles of the two active-site cysteines of RlmN and Cfr
(supplemental Fig. S1) (33). To initiate catalysis, the methyl
group of one molecule of SAM is transferred to one of the con-
served cysteines via a polar SN2 mechanism, resulting in forma-
tion of an S-methylcysteine residue and SAH. After SAH is
released, a second molecule of SAM binds and is reductively
cleaved to a 5�-dA�, which abstracts an H� from the S-methyl-
cysteine residue. The resulting methylene radical adds to the
adenosine substrate at C2 (RlmN) or C8 (Cfr), forming a cross-
linked protein/RNA radical intermediate and an sp3-hybridized
C2 or C8 carbon center. Resolution of the cross-linked inter-
mediate was postulated to proceed through the initial loss of an
electron and subsequent deprotonation from the sp3-hybridized
carbon center, followed by attack of the second conserved cysteine
on the sulfur atom of the cross-linked species to afford a disulfide
bond and an enamine. The enamine then tautomerizes to the final
methylated product with the return of the abstracted C2 proton
(RlmN) or C8 proton (Cfr) to the appended methyl moiety. The
addition of two electrons, and possibly two protons, results in
reduction of the disulfide bond and prepares the enzyme for
another round of catalysis.

TABLE 1
The four classes of RS methylases
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Evidence for the cross-linked intermediate was initially pro-
vided in studies in which an RlmN C118A variant, overpro-
duced in and purified from E. coli, contained covalently bound
RNA (33). In subsequent studies of a similar RlmN variant
(C118S), it was shown unequivocally by high-resolution mass
spectrometry that Cys-355 was cross-linked to an adenine base
via a methylene bridge. EPR spectroscopic studies of the WT
Cfr reaction were also used to provide evidence for the cross-
linked species and to show both its chemical and its kinetic
competence in advancing to the products. When EPR samples
containing Cfr, a 155-nucleotide rRNA substrate analog, and
dithionite (a low potential reductant used to initiate reductive
cleavage of SAM) were recorded, a paramagnetic signal charac-
teristic of an organic radical strongly coupled to a single proton
was observed (41). Additional studies using specific isotopically
labeled substrates in concert with electron nuclear double res-
onance spectroscopy and density functional theory showed
that the radical was delocalized throughout the adenine ring
but had maximum spin density at N7 (41). Moreover, the radi-
cal-containing species was shown to be chemically and kineti-
cally competent using rapid-freeze-quench EPR in concert with
mass spectrometry to monitor the formation of product,
wherein the rate of formation of the m8A product was consis-
tent with the formation and decay rates of the radical species.
Therefore, the radical species most likely represents a mecha-
nistically relevant intermediate and provides a launching pad
for probing downstream steps of the mechanism (41).

The cognate radical is not observed during turnover of WT
RlmN, suggesting that its rate of decay is faster than its rate
of formation. Interestingly, the radical is observed in RlmN
C118A or C118S variants (35). The EPR spectrum obtained
with the C118S variant is consistent with the proposed radical
species observed in the Cfr reaction, except the radical is more
strongly coupled to C2 of the adenine ring rather than C8, and
the majority of spin density is located on N3 rather than N7.
Although the radical intermediate forms and decays on the
time scale of product formation in the WT Cfr reaction, the
radical species obtained with RlmN C118S, or a similar variant
in Cfr (C105A), accumulates but does not decay to any signifi-
cant extent (35). This observation suggests that this second
conserved cysteine is necessary for decay of the radical inter-
mediate in both the RlmN and Cfr reactions, implicating it in a
role other than, or in addition to, formation of a disulfide bond
as initially proposed. Based on these results, three alternate
mechanisms were proposed for decay of the paramagnetic spe-

cies and resolution of the protein-RNA cross-linked intermedi-
ate, each involving initial deprotonation at C2 (C8 in Cfr) fol-
lowed by resolution of the cross-link by a radical fragmentation
mechanism. In these scenarios, Cys-118 of RlmN (Cys-105 of
Cfr) may (i) participate in a disulfide radical species with Cys-
335 after deprotonation at C2 and radical fragmentation; (ii) act
as the base that abstracts the C2 proton; or (iii) act in both
capacities. The last step would be acquisition of an electron by
the resulting thiyl radical or disulfide radical anion to regener-
ate the Cys-355 thiolate (35). Scheme 1 depicts the scenario that
we currently favor, in which Cys-118 acts as the base that
abstracts the C2 proton.

Class B RS Methylases

Class B methylases currently represent the largest and most
versatile class of RS methylases (11, 12). In contrast to Class A
enzymes, which can only methylate sp2-hybridized carbon
atoms, Class B enzymes methylate both sp2-hybridized and sp3-
hybridized carbon atoms or phosphinate phosphorous atoms
found in a diverse set of substrates, including enzyme cofactors
and natural products that exhibit antitumor, antibiotic, or her-
bicide behavior (Table 1) (11). They are distinguished in archi-
tecture from other classes of RS methylases by an N-terminal
cobalamin-binding domain in addition to the core RS domain.
Although predicted cobalamin-containing methylases were the
first RS methylases to be recognized (14), their characterization
has lagged considerably behind Class A enzymes due to the
difficulty associated with their heterologous overproduction in
a soluble form (42– 44). Of the four Class B enzymes that have
been studied in vitro (TsrM, GenK, Fom3, and PhpK), only
TsrM was not purified from insoluble inclusion bodies and
refolded before reconstitution of its Fe/S cluster (45).

PhpK was the first Class B RS methylase to be purified and char-
acterized in vitro (42). It catalyzes the methylation of the phos-
phinate group of 2-acetylamino-4-hydroxyphosphinylbutanoate
(NAcDMPT) to produce 2-acetylamino-4-hydroxymethylphos-
phinylbutanoate (NAcPT), representing the so-called P-methyl-
ase family of RS enzymes (11, 46, 47). NAcPT is also known com-
monly as L-phosphinothricin or glufosinate, an analog of
glutamate that inhibits bacterial and plant glutamine syntheta-
ses and serves as the active ingredient in a number of herbicides
(48). When Wang and co-workers (42) overproduced PhpK
from Kitasatospora phosalacinea in E. coli, it was found solely
in inclusion bodies. The protein was purified from inclusion
bodies and refolded, and its Fe/S cluster was reconstituted.

SCHEME 1. Proposed mechanism for the RlmN-catalyzed reaction.
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Two-dimensional 1H-31P gradient heteronuclear single-quan-
tum correlation NMR was used to assess whether the reconsti-
tuted enzyme could catalyze the intended reaction. Reactions
containing NAcDMPT, SAM, methylcobalamin, and dithionite
resulted in formation of a new 1H-31P cross-peak correspond-
ing to a methyl group attached to phosphorus atom. This cross-
peak was not observed in reactions lacking dithionite, suggest-
ing that methylation takes place via a radical-dependent
mechanism. When [methyl-13C]methylcobalamin was used in
PhpK reactions, new cross-peaks were observed corresponding
to a methyl group attached to the phosphorus atom of NAcPT
(42).

Class B RS methylases also methylate sp3-hybridized carbon
centers, as is observed in the reactions catalyzed by Fom3 and
GenK. Fom3, one of the first recognized RS methylases, cata-
lyzes the stereoselective methylation of 2-hydroxyethylphos-
phonate (HEP) to afford S-2-hydroxypropylphosphonate
(HPP), the penultimate step in the biosynthesis of the broad
spectrum antibiotic fosfomycin (47, 49). Early feeding studies
using a mutant of Streptomyces wedmorensis that was deficient
in cobalamin biosynthesis showed that the organism could no
longer produce fosfomycin unless its growth medium was sup-
plemented with hydroxocobalamin. When hydroxocobalamin
was replaced with [methyl-14C]cobalamin, 14C-labeled fosfo-
mycin was produced, suggesting that methylcobalamin was the
source of the appended methyl group (50). More recently,
Fom3 was characterized in vitro by Wang and co-workers (43).
Like PhpK, when Fom3 was overproduced in E. coli or Strepto-
myces lividans, it was found exclusively in the form of insoluble
aggregates. Again, after purifying the protein from inclusion
bodies, refolding it, and reconstituting its Fe/S cluster, NMR
(31P) was used to assess its activity. When Fom3 was incubated
overnight with HEP, SAM, dithionite, and methylcobalamin, a
new peak was observed that was consistent with HPP. The new
peak was not observed in control reactions, in which Fom3,
dithionite, SAM, or methylcobalamin was omitted, indicating
enzyme dependence and suggesting a radical-mediated trans-
formation (43). A mechanism for Fom3 has been advanced by
van der Donk and co-workers (49), in which a 5�-dA� abstracts
the pro-R H� from HEP, with attack of the resulting organic
substrate radical onto the methyl moiety of methylcobalamin,
affording cob(II)alamin and the HPP product.

GenK, from Micromonospora echinospora, is responsible for
the methylation of C-6� of gentamicin X2, an intermediate in
the biosynthesis of the aminoglycoside antibiotic gentamicin
C1 (Table 1). Efforts from the Liu laboratory (44) led to the first
in vitro characterization of the protein. Because of its insolubil-
ity upon heterologous expression in E. coli, GenK was isolated
from inclusion bodies and refolded before its Fe/S cluster was
reconstituted. Reconstituted GenK was capable of converting
the substrate, gentamicin X2, into the product, G418, but only
when reaction mixtures contained SAM, reductant, and either
methylcobalamin or hydroxocobalamin. Moreover, it was
observed that G418, 5�-dA, and SAH were produced in near
equal quantities, suggesting that two equivalents of SAM are
required to synthesize one equivalent of G418. When reactions
were conducted in the presence of [methyl-13C2H3]SAM, a
methyl-13C2H3 group was found on both G418 and methylco-
balamin, suggesting that a methyl group from SAM is trans-
ferred initially to cobalamin before being appended onto the
substrate.

Two mechanisms that are consistent with experimental
observations have been proposed for the GenK reaction (44). In
one mechanism, the 5�-dA� abstracts a C-6� H�, and a methyl
radical is transferred from methylcobalamin to afford cob(I-
I)alamin and the G418 product. Methylcobalamin is then
regenerated in situ upon reduction of cob(II)alamin to cob(I)-
alamin with subsequent transfer of a methyl group from SAM
to this highly nucleophilic species (Scheme 2, pathway A).
Alternatively, upon abstraction of a C-6� H�, the proton from
the C-6�-hydroxyl group is lost, affording a ketyl radical, a res-
onance form of which contains a carbanion and an unpaired
electron on the oxygen atom. A subsequent nucleophilic attack
of the carbanion onto the methyl group of methylcobalamin
affords cob(I)alamin and an alkoxy product radical, which is
converted into the G418 product upon receiving an electron
and a proton (Scheme 2, pathway B) (44).

Unlike Fom3 and GenK, TsrM uses cobalamin to catalyze the
methylation of an sp2-hybridized carbon center, C2 of the
indole ring of tryptophan (Trp). This reaction is an early step in
the formation of the quinaldic acid moiety of thiostrepton A, a
thiopeptide natural product that possess antitumor and antibi-
otic activity (Table 1) (51, 52). Early metabolic feeding studies
using chirally labeled methionine showed that the methyl

SCHEME 2. Proposed mechanism for the GenK-catalyzed reaction.
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group is appended on the tryptophan substrate with net reten-
tion of configuration, consistent with a transformation involv-
ing two SN2-based steps that each take place with inversion of
stereochemistry (53). Berteau and co-workers (45) purified
TsrM by affinity chromatography as a Strep-tag fusion. When
the protein was incubated with Trp and methylcobalamin
under turnover conditions, 2-methyltryptophan (mTrp) was
produced. However, in contrast to the GenK-catalyzed reac-
tion, no 5�-dA was detected, although greater than 900 �M

mTrp was formed in the reaction. By contrast, SAH was formed
in concentrations that were near stoichiometric with mTrp,
suggesting that SAM is the source of the appended methyl
group. When SAM was replaced with [methyl-2H3]SAM, both
[methyl-2H3]cobalamin and [methyl-2H3]Trp were isolated,
suggesting a mechanism in which cobalamin acts as an inter-
mediate methyl carrier. A mechanism in which methylcobala-
min undergoes homolysis to generate cob(II)alamin and a
methyl radical that adds to C2 of Trp was suggested (45). The
loss of an electron, presumably back to the cob(II)alamin spe-
cies, and a proton would result in formation of mTrp and cob(I)-
alamin, which could acquire a methyl group from SAM via
nucleophilic displacement (54). The inability to detect 5�-dA, as
well as the lack of a strong low potential reductant needed for
turnover, might suggest that TsrM evolved an RS domain only
to catalyze a non-radical reaction.

Class C RS Methylases

Class C RS methylases catalyze the methylation of sp2-hy-
bridized carbon centers, but do not contain the two conserved
cysteines required for methylation via a Class A mechanism.
They are annotated as having significant sequence similarity
with coproporphyrinogen III oxidase (HemN), an RS enzyme
that catalyzes the conversion of coproporphyrinogen III to
protoporphyrinogen IX in one of the pathways for heme bio-
synthesis. This reaction involves two oxidative decarboxyla-
tions of the propionate side chains of rings A and B of the sub-
strate to vinyl groups, with transfer of an electron to an
undefined source (55). A 2.07 Å x-ray crystal structure of
HemN unexpectedly revealed electron density corresponding
to two simultaneously bound SAM molecules. One SAM mol-
ecule was coordinated to the unique iron ion of the RS cluster,
whereas the second SAM molecule was bound immediately
adjacent to the first (56). The presence of two simultaneously
bound SAM molecules in the structure of HemN suggests that
this binding arrangement may be operative in RS Class C
methylases, wherein the SAM molecule bound to the Fe/S clus-
ter is the precursor to the 5�-dA�, whereas the second SAM
molecule is the source of the methyl group. Given that Class C
RS methylases appear to methylate only sp2-hybridized carbon
centers, they may operate via abstraction of a H� from the
methyl group of SAM by the 5�-dA� with subsequent radical
addition onto the carbon center of the substrate undergoing
methylation.

To date, all Class C methylases appear to be involved in the
biosynthesis of complex secondary metabolites that exhibit
antitumor and antibiotic behavior (Table 1). As such, in vitro
characterization of these reactions has been hampered by
substrate availability and/or a lack of knowledge of the step

along the biosynthetic pathway in which the methylase acts.
Nevertheless, there may exist some level of mechanistic
diversity within Class C methylases, given that some of the
natural products in which they play a biosynthetic role con-
tain other C1-derived moieties, such as cyclopropane rings
(57, 58).

Recently, a Class C RS methylase was identified from a clus-
ter of genes involved in the biosynthesis of yatakemycin
(YTM), a DNA alkylating agent produced by Streptomyces sp.
TP-A0356 that exhibits antitumor and antibiotic activity (57).
YTM is composed of three distinct polycyclic domains that are
separated by amide bonds (59, 60). The central domain con-
tains a spirocyclopropane ring essential for its biological activ-
ity, and previous metabolic feeding studies showed that the
methylene carbon of the cyclopropane ring is derived from
SAM (61). When the ytkT gene of the YTM biosynthetic cluster
was inactivated by gene replacement, a new metabolite
(YTM-T) appeared that was similar to YTM, but which lacked
the cyclopropane ring. After heterologous overproduction of
the protein in E. coli, YtkT was purified, and its presumed [4Fe-
4S] cluster was reconstituted artificially. Upon incubation of
reconstituted YtkT under turnover conditions with YTM-T, a
new species (MeYTM-T) was formed whose structure was con-
sistent with a methylated derivative of YTM-T (Scheme 3A)
(57). How MeYTM-T is converted into the cyclopropane deriv-
ative in YTM is still unknown.

Recently, the biosynthetic gene cluster of the antifungal
agent jawsamycin was identified. This natural product, pro-
duced by Streptoverticillium ferven HP-891, consists of a 5�-
amino-5�-deoxy-5,6-dihydrouridine moiety connected in an
amide linkage to a polycyclopropanated fatty acid. Metabolic
feeding studies suggested that the fatty acid backbone of the
molecule derives from a polyketide biosynthetic pathway,
whereas the methylene groups of the cyclopropane rings derive
from L-methionine (62, 63). One open reading frame in the gene
cluster, jaw5, was observed to encode an RS enzyme containing
a Cx7Cx2C motif, and its gene product, Jaw5, exhibits signifi-
cant sequence similarity to HemN and other Class C RS meth-
ylases. Based on this information and the assignment of all
other open reading frames in the cluster to other functions in
the biosynthetic pathway, Jaw5 was suggested to be responsible
for the cyclopropane modification. Two possible mechanisms
were proposed, both of which involve two simultaneously
bound SAM molecules and an H� abstraction from the methyl
group of one SAM molecule by a 5�-dA� derived from a reduc-
tive cleavage of the other (Scheme 3B). In one instance (i), the
SAM methylene radical adds to the ene-one of the substrate to
yield a substrate radical, which attacks the bridging methylene
carbon of SAM to yield the cyclopropane substituent. The co-
product, the radical cation of SAH, then acquires an electron to
afford a complete valence shell. In the second instance (ii), the
SAM methylene radical acquires an electron to yield an ylide,
which attacks the ene-one to generate a substrate carbanion.
Subsequent attack of the carbanion onto the bridging meth-
ylene carbon of SAM yields the cyclopropane substituent and
SAH.
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Class D RS Methylases

Finally, a new class of RS methylases, designated Class D, has
recently been described (22). The prototype, MJ0619 from
Methanocaldococcus jannaschii, is hypothesized to be involved
in the biosynthesis of methanopterin (MPT), a coenzyme
used in C1 metabolism during methanogenesis and methyl-
otrophy in certain archaea and bacteria. The cofactor contains
a pterin ring similar to that in folate, but with methyl groups
appended at C7 and C9. In some organisms that make MPT, the
homologs of the mj0619 gene are found in the neighborhood of
the gene encoding �-ribofuranosylaminobenzene 5-phosphate
synthase, which is known to be involved in MPT biosynthesis.
To determine whether MJ0619 catalyzes methylation of pterin
or a pterin precursor during formation of MPT, White and
co-workers (22) used its gene to transform E. coli, which does
not naturally synthesize MPT, and the presence of methylated
pterins in crude extracts from the bacteria was assessed by mass
spectrometry after appropriate oxidation of the precursor
molecules. Both 7-methylpterin and 6-ethyl-7-methylpterin, a
marker for methylation at C7 and C9, were observed. Further
studies suggested that the natural substrate for MJ0619 is
6-hydroxymethyl-dihydropterin.

MJ0619 contains two Cx3Cx2C motifs comprising Cys-73,
Cys-77, Cys-80, Cys-98, Cys-102, and Cys-105. When Cys-77
and Cys-102 were individually changed to alanyl residues, the
C77A variant still produced 7-methylpterin in E. coli crude cell
extract, whereas the C102A variant produced no observable
methylated product. This experiment suggests that only the
cysteines in the latter motif coordinate the [4Fe-4S] cluster to
which SAM associates, or that the cluster bound by Cys-73,

Cys-77, and Cys-80 is associated with C9 methylation, whereas
the cluster bound by Cys-98, Cys-102, and Cys-105 is associated
with C7 methylation, and that C7 methylation must precede C9
methylation.

Subsequent metabolic feeding studies showed that the activ-
ity of MJ0619 is not stimulated by cobalamin, suggesting that
cobalamin is not required for MJ0619-catalyzed methylation.
Moreover, the appended methyl group was found not to derive
from L-methionine, given that 7-methylpterin isolated from
E. coli cultured in the presence of [methyl-2H3]methionine con-
tained no deuterium enrichment. By contrast, when E. coli was
cultured on [2H3]acetate, isolated 7-methylpterin was enriched
in deuterium. The labeling pattern of deuterium incorporation
was inconsistent with the methyl group deriving from methyl-
tetrahydrofolate, but consistent with it deriving from N5,N10-
methylenetetrahydrofolate (CH2THF). In the proposed mech-
anism, the role of the 5�-dA� is to abstract an H� from C7 of the
substrate, which is followed by radical addition of the substrate
onto CH2THF. After injection of an electron and a proton,
elimination of tetrahydrofolate (THF) affords a substrate con-
taining a C7 exocyclic methylene group. Hydride transfer from
THF to the exocyclic methylene results in product formation,
as is observed in thymidylate synthase (supplemental Fig. S2)
(64).

Conclusion

Nature has devised a number of strategies for catalyzing the
methylation of completely unactivated carbon atoms or phos-
phinate phosphorous atoms. In all instances, these reactions
proceed through radical intermediates and are catalyzed exclu-

SCHEME 3. Reactions catalyzed by two class C RS methylases, YtkT (A) and Jaw5 (B). Two mechanisms for Jaw5 are shown utilizing a methylene radical (i)
and an ylide (ii).

MINIREVIEW: Diversity of Radical S-Adenosylmethionine Methylation

4000 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 7 • FEBRUARY 13, 2015



sively by members of the RS superfamily. Although they pre-
sumably all involve the intermediacy of a 5�-dA�, the mecha-
nisms by which the methyl groups are appended are quite
divergent. Given the importance of biological methylation and
the large number of unannotated sequences within the RS
superfamily, it is likely that additional strategies await to be
elucidated.
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Spore photoproduct lyase (SPL) repairs 5-thyminyl-5,6-dihy-
drothymine, a thymine dimer that is also called the spore pho-
toproduct (SP), in germinating endospores. SPL is a radical
S-adenosylmethionine (SAM) enzyme, utilizing the 5�-deoxy-
adenosyl radical generated by SAM reductive cleavage reaction
to revert SP to two thymine residues. Here we review the current
progress in SPL mechanistic studies. Protein radicals are known
to be involved in SPL catalysis; however, how these radicals are
quenched to close the catalytic cycle is under debate.

UV light induces intrastrand cross-linking reactions in DNA
at bipyrimidine sites, which are mutagenic as they alter the
DNA structure, inhibit polymerases, and arrest replication (1).
Among the four DNA nucleobases, thymine (T) is the most
sensitive to UV irradiation followed by cytosine (C) (1). In typ-
ical cells after photochemical excitation, a T residue dimerizes
with an adjacent T or C, generating either the cyclobutane
pyrimidine dimers (CPDs)2 or the pyrimidine (6-4) pyrimidone
photoproducts (6-4PPs) as the major photolesions (Fig. 1). In
contrast, in bacterial endospores, the dominant DNA photo-
product is 5-thyminyl-5,6-dihydrothymine, a unique thymine
dimer, which is also called the spore photoproduct or SP (2– 4).

Formation of SP in vivo is largely determined by the unique
spore DNA conformation. The spore genomic DNA is satu-
rated by a group of DNA-binding proteins named small acid
soluble proteins, as they are readily soluble in 0.5 M acetic acid
(5). The small acid soluble protein-DNA interaction, coupled
with other factors such as the low spore hydration level,
changes the DNA from B-like to A-like conformation (6 –9),
which subsequently alters the outcome of the thymine photo-
reaction, making SP the dominant DNA photoproduct (3, 4, 6,
9 –11). SPs accumulate in dormant spores and are repaired rap-

idly when spores start germinating. Unrepaired SPs prove lethal
to the resulting vegetative cells (12, 13).

The germinating spores utilize two major pathways to repair
SP: the general nucleotide excision repair pathway (NER) (14)
and a spore-specific DNA repair system mediated by the spore
photoproduct lyase (SPL) (15–18). The RecA-mediated path-
way may also be involved in DNA repair, albeit to a lesser extent
(2, 19, 20). Blocking either major pathway only slightly affects
UV sensitivity of spores. Spores become highly sensitive to UV
irradiation only when both pathways are interrupted (16, 21).
The NER pathway also repairs other thymine dimers such as
CPDs and 6-4PPs, whereas SPL is specific toward SP (22–24).
Both SPL and NER proteins are synthesized during sporulation
and packaged in spores. The NER enzymes are expressed con-
stitutively at a low level, whereas each spore contains 100 –200
copies of SPL (25). However, the NER enzymes can be induced
by DNA damages in germinating spores, whereas SPL cannot.
The SPL is the major enzyme for repairing SPs, although the
NER can at least partially substitute for SPL in terms of SP
repair (11, 16).

SPL has been long suggested to utilize a direct reversal strat-
egy to repair SP. This conclusion was reached via a tritium-
labeling strategy where the radioactivity disappearing from tri-
tiated SPs was fully recovered in thymines in NER-deficient
germinating spores (18, 26). SPL shares some sequence similar-
ity with the DNA photolyase (19), which repairs CPDs and
6-4PPs under light and also utilizes a direct reversal strategy.
These enzymes are structurally very different (27, 28). Pho-
tolyase uses a flavin cofactor and a second chromophore to
harvest light. The light energy is then passed to FADH, to trig-
ger electron transfer to the lesion. SPL is light-independent
(26); it uses the radical S-adenosylmethionine (SAM) chemistry
to generate radical species for catalysis.

SPL Mechanism: The Known

SPL studies to date have established several important facts
regarding the mechanism used by this intriguing DNA repair
enzyme.
SPL Repairs SP via Radical SAM Chemistry

Rebeil et al. (25) found that SPL is an iron-sulfur enzyme,
whose activity depends on reducing conditions and the addi-
tion of SAM. They later established that the enzyme utilizes the
5�-deoxyadenosyl radical (5�-dA�) generated by SAM reductive
cleavage to catalyze the SP reversal to two thymine residues (29)
and proposed an SPL mechanism, which was later proved to be
largely correct. SPL is now known as a member of the radical
SAM superfamily, which is defined by the characteristic CXXX-
CXXC motif (30), although other tri-cysteine motifs may also
facilitate this radical chemistry (31–34). The three C residues in
this motif bind to three irons in the [4Fe-4S] cluster; the fourth
iron is coordinated by SAM (35). The cluster at its �1 oxidation
state donates an electron to SAM to cleave its C5�-S bond, gen-
erating a 5�-dA�. This 5�-dA� catalyzes a number of highly
diverse biochemical reactions in animals, plants, and microor-
ganisms, including steps in metabolism, DNA/RNA modifica-
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tion, and the biosyntheses of vitamins, coenzymes, and many
antibiotics (22, 32–59).

SPL Repairs the 5R-Isomer of SP

As shown in Fig. 1, SP contains a chiral center at the C5 of
5�-T. Its chirality was predicted to be R by Kim et al. (60) based
on the right-handed DNA helical structure. This prediction was
confirmed by Mantel et al. (61) using NMR spectroscopy cou-
pled with density functional theory calculations and dinucle-
otide SP TpT. Later, a dinucleotide SP structure containing a
formacetal linker solved by Lin et al. (62) further confirmed this
conclusion. After incorporating dinucleoside 5R- and 5S-SP,
respectively, which lack the phosphodiester linker between the
two thymine residues, into a 12-mer oligonucleotide via solid
phase DNA synthesis, subsequent structural studies found that
the 5R-SP fits in the topology of the right-handed helix well,
whereas the 5S-SP results in a severe strand distortion (63). Jian
and co-workers (64) prepared the biologically relevant dinucle-
otide 5R-SP TpT phosphoramidite and incorporated SP TpT
into an oligonucleotide. The latest structure in a 16-mer duplex
oligonucleotide revealed that the 5R-SP TpT results in little
structural distortion except widening the DNA minor groove
by 2.5 Å. Such a small conformational change suggests that SP
may be difficult to be recognized by SPL and the NER enzymes.

The biologically relevant SP stereoisomer has thus been
established. Some earlier studies suggested that SPL recognizes
and repairs the 5S-isomer (65, 66), which has been corrected
(67). In a recent SPL structure solved by Benjdia et al. (68), the
enzyme contains a dinucleoside 5R-SP, further confirming that
the 5R-isomer is the SPL substrate.

SPL Abstracts the H6proR Atom from SP

The first mechanistic insight of the SPL reaction was pro-
vided by Mehl and Begley (69) from a clever small molecule
model study using a bipyrimidine complex. Their data suggest
that SP repair is initiated by hydrogen abstraction at C6 fol-
lowed by �-scission at the methylene bridge and back hydrogen
atom transfer. Cheek et al. (70) utilized tritium to label the C6 of
thymine and generated SPs via photoreaction under the
assumption that the tritium will remain at C6 in the formed SP.
Analysis of SP repair by SPL revealed that tritium entered the
catalytic cycle, agreeing with the proposal of Mehl and Begley
(69).

Analysis of the SP structure shows that the C6 has two hydro-
gen atoms and is pro-chiral. To reveal which hydrogen atom is
abstracted during SPL catalysis, Lin et al. (71) utilized deute-
rium-labeled dinucleotide TpTs to generate two SP species via

photoreaction and proved that a hydrogen atom from the
3�-CH3 is transferred to the H6proS of SP. Using SP with either
the H6proR or the H6proS position labeled by a deuterium, Yang
et al. (72) proved that it is the H6proR that is abstracted by the
5�-dA� in SP repair (Fig. 2). These results provide the chemical
basis for the previous labeling studies, which tritiated the -CH3
moiety of thymine (Fig. 3) (18, 26). The tritium label was trans-
ferred to the H6proS in photochemically produced SP and
retained in DNA after the SPL reaction. Thus, no radioactivity
loss in DNA was observed, leading to the hypothesis that SPL
directly reverts SP. If the researchers chose to label thymine C6,
the label at the resulting H6proR of SP would leak into medium
after SP repair (72), potentially complicating the SPL mechanis-
tic elucidation.

A Conserved Cysteine as the Intrinsic Hydrogen Atom Donor

The �-elimination reaction induced by the SP C6 radical
generates a thymine allylic radical, which was suggested to
abstract a hydrogen atom from the methyl group of 5�-dA (70).
However, although no role was implied for the conserved cys-
teine 141, spores carrying the C141A mutation are sensitive to
UV irradiation (73). A later in vitro study by Chandor-Proust et
al. (74) found that the thymine allylic radical was quenched by
the dithionite supplemented as a reductant to form a T-SO2

�

adduct, leading to a hypothesis that Cys-141 may be the hydro-
gen atom donor. Yang et al. (72) found that the hydrogen donor
is able to exchange protons with the aqueous solution. They
showed that Cys-141 is solvent-accessible via the iodoacet-
amide-labeling assay; their enzyme kinetics data further indi-
cate that the Cys-141 in Bacillus subtilis (Bs) SPL is likely the
intrinsic hydrogen donor to the thymine radical (Fig. 2) (75).
The conclusion is supported by the parallel SPL structural stud-
ies by Benjdia et al. (68) using Geobacillus thermodenitrificans
(Gt) SPL containing a dinucleoside SP and a SAM bound to the
Fe-S cluster (Fig. 4). The conserved cysteine was implied to
have no structural role. It is close to the methylene bridge of SP,
supporting the assumption that it is the intrinsic hydrogen
donor.

Involvement of Tyrosines

Besides this cysteine, two conserved tyrosine residues,
Tyr-97 and Tyr-99 in Bs SPL, may also be involved in enzyme
catalysis. As shown in Fig. 4, both tyrosines are close to SAM,
suggesting that they can interact with the 5�-dA�/5�-dA pair.
Tyr-98(Gt), equivalent to Tyr-99(Bs), is located between the
conserved cysteine and SAM in the SPL structure (68), implying
that it can be involved in the radical propagation process (Fig.

FIGURE 1. The chemical structures of naturally occurring thymine photodimers.
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2). The Y98F(Gt) mutant was found to reduce the SPL activity
by �4-fold (76), which is consistent with the 6-fold reduction
by the Y99F(Bs) mutant found in a separate study (77). Tyr-
96(Gt) seems to play a structural role to immobilize SAM at the
SPL active site. However, the Y97F(Bs) mutation, which still
enables SAM binding with the aromatic ring in phenylalanine,
results in a 3-fold reduction of enzyme activity (77). Mutating
both tyrosine residues almost completely abolishes the SPL
activity (77). Such results, coupled with the drastically altered
kinetic isotope effects between the wild-type SPL and the Tyr/
Phe mutants, indicate that the Tyr-97(Bs) may also be involved
in the radical transfer process, to facilitate the hydrogen
abstraction in putative SAM regeneration (77). Although the
possibility that these tyrosines play structural roles to maintain
the protein H-bonding network cannot be ruled out, they are
more likely to be involved in the SPL radical transfer network as
discussed above.

SPL Mechanism: The Controversial

To accommodate these results, an SPL mechanism that uti-
lizes four hydrogen atom transfer (HAT) steps has been pro-
posed (Fig. 2). The first two HAT steps are well established; the
other two steps and the question of whether SAM is regener-
ated are under debate.

Early tritium-labeling studies suggested that SAM is recycled
(70). Cheek et al. (70) found that 3H at the C6 of SP incorporated
into plasmid DNA was transferred to SAM. In a complementary
experiment using [5�-3H]-labeled SAM, it was found that 3H was
in the repaired thymine residues of the plasmid DNA (78). These
observations supported the assumption that the thymine allylic
radical directly abstracts a hydrogen atom from the -CH3 group of
5�-dA before SAM is regenerated (70, 78). However, as cysteine
141(Bs) is now established as the hydrogen donor, these labeling
results need to be reinterpreted. The tritium transfer, especially

FIGURE 2. The hypothesized reaction mechanism for SPL (the residues are numbered according to the protein sequence in B. subtilis SPL). This
mechanism implies that SPL uses a minimum of four hydrogen atom transfer processes (labeled in blue numbers) in each catalytic cycle. The first two HAT
processes are well established, and the last two HAT processes are under debate. SAM is shown to be regenerated at the end of the catalytic cycle, which is also
controversial. (The figure is modified with permission from Ref. 77. Copyright (2013) American Chemical Society.)

FIGURE 3. Hydrogen atom migration during the SP formation and repair by SPL. A hydrogen atom migrates to the H6proS position of the formed SP,
whereas the H6proR atom is abstracted to initiate the SP repair process. Therefore, the H6 atom of regenerated 5�-thymine after SPL repair is different from that
before SP is formed. This observation provides the rationale for the previous tritium-labeling experiments (18, 26).
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that from SAM to thymine, may be due to reversible SAM cleavage
and the subsequent hydrogen abstraction steps, as observed in
radical SAM enzymes BtrN (79) and DesII (50). This possibility
needs to be tested in the future.

Studies using SP-containing pUC18 plasmid as substrate for
SPL reported that one molecule of SAM catalyzed �500 turn-
overs with a turnover number of 12.4 min�1 (70, 78), indicating
that SAM is used in a truly catalytic manner. However, other
studies using smaller but chemically better-defined substrates
have found much lower turnover numbers (72, 75–77, 80).
Most other in vitro SPL studies utilized dinucleotide or
dinucleoside SP as substrate and found that the ratio between
5�-dA generated and SP repaired ranges between 1 and 2, sug-
gesting that SAM is partially regenerated. SPL activity using
dinucleotide SP TpT as the substrate was reported to be �0.3
min�1 by different groups (72, 75, 77, 80), suggesting that the
enzymes used were similarly active. Unpublished results from
our laboratory,3 however, found SPL to repair SP in a 20-nucle-
otide duplex prepared via DNA synthesis (81) at only 0.08 �
0.01 min�1. This implies that the use of dinucleotide substrates
is not the reason for the much slower kinetics of SPL as com-
pared with the reported values for the enzyme reacting with
plasmid DNA (70, 78).

The reason for these discrepancies is unclear as the method-
ologies used by the various laboratories to analyze the products
of the reaction do not differ that greatly. Collectively, it is safe to
state that the in vitro data so far are insufficient to support a full
SAM regeneration in SPL catalysis.

Despite the controversy, SAM regeneration is still the most
reasonable route to close the catalytic cycle. As the conserved
cysteine is known as the hydrogen donor, a thiol radical will be
generated on this residue. As a tyrosine (Tyr-99 in Bs SPL) is
next to the cysteine, its oxidation to a tyrosyl radical is possible.
These radicals have to be reduced before the enzyme is ready

for the next turnover. Considering the lack of other redox co-
factors as revealed by the SPL structure (68), to abstract a
hydrogen atom from 5�-dA and subsequently regenerate SAM
is still the most reasonable hypothesis, as shown by Fig. 2.

Despite the attempts to trap and characterize the putative
radical species involved in SPL catalysis during steady-state
turnover, no radical species were observed by EPR spectroscopy
(70, 77). Based on the UV-visible difference spectrum after an
overnight reaction, Kneuttinger et al. (28, 76) reported the pres-
ence of a tyrosyl radical in SPL. However, the spectrum did not
resemble the sharp peak absorbance exhibited by a typical Tyr�
(82– 84), indicating that it may be due to the spectral difference
between the Fe-S chromophores, rather than Tyr�. It is possible
that the putative radical transfer pathway is tightly coupled like
that in the Class I ribonucleotide reductase (85, 86), where its
existence is not fully established until the transient tyrosyl rad-
icals in the middle of the pathway were observed using unnat-
ural tyrosines to fine-tune the redox potential and disturb the
radical transfer process (87).

SPL Mechanism: The Unknown

The differing results from these in vitro studies question
whether the current enzyme kinetic data truly reflect the SP
repair in vivo. To clarify the controversy, some key questions
need to be addressed in future SPL studies.

SPL Efficiency in Vivo

It has been found that �75% of SPs are repaired during the
first hour of spore germination (11). However, the absolute
quantity of repaired SPs is unclear. The B. subtilis genome has
4.2 million base pairs (88). As each spore may contain up to 200
copies of SPL (25), if 1% of total Ts are converted to SPs (6, 89),
each SPL has to repair �80 SPs in 60 min in germinating spores.
As the rate-limiting step for in vivo repair is likely to be damage
recognition (90), the enzyme repair should be faster. However,
the reported repair rate for dinucleotide SP TpT is only �0.35
min�1 (24, 72, 80); the rate in duplex DNA may be even slower.
Such slow rates cannot explain the fact that SPL plays a major
role in SP repair in germinating spores. However, if only 0.1% of
Ts are converted to SPs, the reported rates may be sufficient.

DNA Conformation during in Vivo Repair

Besides the abnormally slow repair rate, the fact that the
repair of dinucleotide SP TpT is 3– 4-fold faster than that in a
duplex DNA is also perplexing. SPL is found to bind 9 nucleo-
tides (23) via electrostatic interaction between the negatively
charged phosphates on DNA and the positively charged protein
surface. Thus, its binding affinity toward an oligonucleotide
should be much higher than that to SP TpT, which is expected
to result in a faster SP repair in a duplex DNA. However, the
opposite is observed. SPL is suggested to flip out SP for repair
(24); the structural study has identified a �-hairpin with an argi-
nine and a tyrosine at the top to assist this lesion-flipping pro-
cess (68). Given that the SP TpT mimics the flipped-out stage,
the slower repair rate implies that the SP in a duplex DNA may
be difficult to be flipped out into the SPL active site. This
hypothesis is supported by the observation that the hydrogen
bonds between SP and the complementary adenines even3 L. Yang and L. Li, unpublished results.

FIGURE 4. The active site of G. thermodenitrificans (Gt) SPL in complex
with SP and SAM. Cys-140(Gt), Tyr-96(Gt), and Tyr-98(Gt) equal to Cys-
141(Bs), Tyr-97(Bs), and Tyr-99(Bs) in B. subtilis SPL ,respectively. The distances
(Å) between selected residues, SP, and SAM are indicated by the black num-
bers near the dashed lines (Protein Data Bank (PDB) code 4FHD).
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appear to be strengthened in duplex DNA, as shown by an x-ray
crystallographic study (64).

It is thus of interest to reveal how the SP-flipping process is
achieved in vivo. One solution could be the involvement of
other enzymes. As shown by the NER enzymes, UvrA recog-
nizes the DNA damage, and UvrB bends the DNA before cata-
lyzing the DNA hydrolysis reaction with UvrC (91, 92). Given
the minor DNA conformational change induced by SP (64), it is
an intriguing possibility that SPL may have to team with other
protein(s) for efficient damage recognition and repair. Alterna-
tively, as the genomic DNA changes conformation from A- to
B-form during spore germination (20), the DNA may adopt
some transient conformation to facilitate the SP flip-out and
repair by SPL.

Condition for SAM Regeneration

The lack of reactive DNA conformation may also explain
why SAM regeneration cannot be observed in the in vitro stud-
ies so far. The reactive DNA conformer likely helps SP flip out,
accelerates the enzyme reaction, and induces the required pro-
tein conformation for SAM regeneration. Another possibility is
that the appropriate experimental conditions for SAM regen-
eration have not been adopted in in vitro studies. As shown by
the investigations of lysine 2,3-aminomutase (93) and 7-car-
boxy-7-deazaguanine synthase (57), the two radical SAM
enzymes known to use SAM catalytically, the in vitro experi-
ments are sensitive to the reducing conditions adopted.
Although great care has been taken in SPL studies (72, 75, 77),
we cannot completely exclude the possibility that the in vitro
condition, which potentially mimics the in vivo SP repair and
enables SAM regeneration, has not been identified.

Summary and Perspective

After the past more than 40 years of studies, the first several
steps in SPL catalysis have been well established. The remaining
issues are mainly about how to close the catalytic cycle. To
clarify the controversy in SPL catalysis, especially in a duplex
DNA environment, the interaction between SPL and SP-con-
taining oligonucleotide needs to be revealed. This will allow us
to identify a biologically relevant system for mechanistic enzy-
mology studies. In addition, the improved enzyme efficiency
will enable us to trap and characterize the putative radical spe-
cies via fast enzyme kinetic means and answer questions such as
whether SAM is recycled and whether the recycling requires
the radical transfer pathway in the protein.
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Bacterial type II fatty acid synthesis (FASII) is a target for the
development of novel therapeutics. Bacteria incorporate extra-
cellular fatty acids into membrane lipids, raising the question of
whether pathogens use host fatty acids to bypass FASII and
defeat FASII therapeutics. Some pathogens suppress FASII
when exogenous fatty acids are present to bypass FASII thera-
peutics. FASII inhibition cannot be bypassed in many bacteria
because essential fatty acids cannot be obtained from the host.
FASII antibiotics may not be effective against all bacteria, but a
broad spectrum of Gram-negative and -positive pathogens can
be effectively treated with FASII inhibitors.

The Biological Problem

The discovery of antibiotics for the treatment of infectious
bacterial diseases has led to significant improvements in human
health. The success of these broad-spectrum “miracle drugs” is
reflected in the dearth of new antibiotic classes introduced in
the last 30 years (1). However, the steady increase in bacterial
antibiotic resistance to all antimicrobials in clinical use (2, 3)
has caused infectious bacterial diseases to re-emerge as a seri-
ous threat to human health. These resistant bacteria are a clear
and present danger that will require the discovery of new anti-
biotic targets and drugs to combat (4). Fatty acid synthesis is a
vital facet of bacterial physiology, and its essentiality for mem-
brane formation makes it an attractive target for drug discovery
(5). Nature has exploited this dependence to produce a variety
of natural products that target bacterial fatty acid synthesis
(5–7). Selective targeting of the bacterial pathway is possible
due to the significant differences in the structure of eukaryotic
and bacterial fatty acid synthesis systems. Mammalian type I
fatty acid synthase is a large, multifunctional peptide that elon-
gates acetyl-CoA to produce a single product, palmitic acid (8).
In the bacterial type II system (FASII),2 each enzymatic step is
carried out by a discrete, monofunctional enzyme (Fig. 1) (9).

Many inhibitors targeting FASII enzymes have been made in
the past two decades, and several of these inhibitors are effec-
tive antibiotics both in vitro and in animal models (10 –13).
Two of these compounds, AFN-1252 and CG400549, have
proven efficacy in human clinical trials, providing direct evi-
dence that targeting FASII components can result in effective
therapeutic agents (14, 15).

Most bacteria are able to incorporate extracellular fatty acids
into their membrane phospholipids, leading to the important
question of whether this property will allow them to circum-
vent FASII inhibitors by acquiring the fatty acids they need
from the host. Brinster et al. (16) argued that FASII is not an
antibacterial target in Gram-positive bacteria due to the ability
of Streptococcus agalactiae to circumvent FASII inhibitors
when supplied with exogenous host-derived fatty acids. How-
ever, the situation is more complex because not all Gram-pos-
itive bacteria have the same fatty acid structures as mammals,
and the conclusion is not consistent with the experimental evi-
dence showing the efficacy of FASII therapeutics against the
Gram-positive pathogen Staphylococcus aureus in animal mod-
els (10 –12). Parsons et al. (17) showed that endogenous fatty
acid synthesis is essential for the Gram-positive pathogen
S. aureus and that the results with S. agalactiae are not repre-
sentative of all Gram-positive bacteria. One of the main gaps in
our understanding of this important biological problem is that
the mechanism for the incorporation of exogenous fatty acids
into phospholipids of Gram-positive bacteria has only recently
been revealed (18, 19). The goal of this review is to cover the
diversity of pathways used by bacteria for host fatty acid utili-
zation, explain how these pathways are deployed in major
groups of pathogens, and discuss how understanding these bio-
chemical pathways informs the development of FASII inhibi-
tors as therapeutics.

Drug Targets in FASII

An overview of the core enzyme set in bacterial type II fatty
acid synthesis is illustrated in Fig. 1. In principle, each of these
enzymes is essential and would therefore be a target for anti-
bacterial drug discovery. In practice, drug discovery efforts
have primarily focused on four enzymes that are of regulatory
significance (6, 20). Acetyl-CoA carboxylase (AccABCD) sup-
plies malonyl-CoA for fatty acid elongation, and �-ketoacyl-
ACP synthase III (FabH) is responsible for the initiation of new
acyl chains and determines how many fatty acids are made. In
addition, there are two enzymes in the elongation cycle that
have received attention. These are: 1) the enoyl-ACP reductase
(FabI), which is responsible for pulling cycles of elongation to
completion in the E. coli model; and 2) the elongation condens-
ing enzymes (FabF/B), which start each new round of elonga-
tion. Nature has also produced a collection of natural product
antimicrobial FASII inhibitors, and each of these molecules tar-
gets one of these enzyme systems (6). These natural products
have been recently reviewed (5), and a discussion of their prop-
erties is beyond the scope of this review. The existence of mul-
tiple anti-FASII natural products supports the conclusion that
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FASII is a viable target for antibacterial drug discovery. How-
ever, it is important to point out that the major drawback to the
use of these natural products as antibacterial therapeutics lies
in their poor pharmacokinetic properties that make them poor
drug candidates.

The branch points in unsaturated fatty acid synthesis will not
be considered in this discussion because in all bacteria that
produce unsaturated fatty acids, the requirement for this fatty
acid can be met by providing extracellular unsaturated fatty
acid supplements (21). Readily available and abundant host
unsaturated fatty acids, such as oleate, can circumvent inacti-
vating mutations in these pathways, making unsaturated fatty
acid synthesis a target that is unlikely to receive much attention
in the drug discovery field.

Exogenous Fatty Acid Metabolism by Gram-negative
Bacteria

For many years, Escherichia coli was considered the repre-
sentative organism for all bacteria. Therefore, the fatty acid
synthesis and exogenous fatty acid incorporation pathways in
E. coli were the first to be fully characterized (Fig. 2) (22). Gram-
negative FASII generates two products that become essential
components of the bacterial membrane: acyl-ACP and �-hy-
droxyacyl-ACP. Two acyl-ACP molecules are used by the
sn-glycerol-3-phosphate acyltransferase (PlsB) and 1-acyl-sn-
glycerol-3-phosphate acyltransferase (PlsC) to generate phos-
phatidic acid (23–25), the precursor to all cytoplasmic mem-
brane phospho- and glycolipids. Gram-negative bacteria have
an outer membrane surrounding the cytoplasmic membrane
that is composed primarily of phosphatidylethanolamine and
lipopolysaccharide (26, 27). �-Hydroxyacyl-ACP molecules are
substrates for the acyltransferases that catalyze the initial steps
in the biosynthesis of lipid A, the core lipid component of
lipopolysaccharide (28). Both phospholipids and lipopolysac-
charides are essential for E. coli survival (29, 30), and FASII
inhibition stops E. coli growth by blocking these two essential
pathways.

In E. coli, the pathway for extracellular fatty acid utilization
begins with the conversion of the fatty acid to an acyl-CoA

thioester by FadD, an acyl-CoA synthetase (25, 31) (Fig. 2A).
E. coli PlsB and PlsC acyltransferases use acyl-CoAs as sub-
strates (23, 24), permitting exogenous fatty acids to be directly
used for phospholipid biosynthesis. The second fate for acyl-
CoA is their utilization as a carbon and energy source via �-ox-
idation (32, 33). The key feature of most Gram-negative bacte-
ria is that they lack both an acyl-ACP synthetase and/or an

FIGURE 1. The core enzyme set in FASII. The AccABCD enzyme complex converts acetyl-CoA into malonyl-CoA. Malonyl-CoA:ACP transacylase (FabD)
converts malonyl-CoA into malonyl-ACP. The �-ketoacyl-ACP synthase III (FabH) initiates fatty acid synthesis by condensing malonyl-ACP with either 2-meth-
ylbutyryl-CoA for branched-chain anteiso fatty acid synthesis or acetyl-CoA for straight-chain fatty acid synthesis to make �-ketoacyl-ACP. The �-ketoacyl-ACP
reductase (FabG) reduces �-ketoacyl-ACP to make �-hydroxyacyl-ACP. The �-hydroxyacyl-ACP dehydratase (FabZ) dehydrates �-hydroxyacyl-ACP into trans-
2-enoyl-ACP. The enoyl-ACP reductase (FabI) reduces trans-2-enoyl-ACP into acyl-ACP. Acyl-ACP of the appropriate length can be used for phospholipid
biosynthesis, whereas �-hydroxyacyl-ACP of the proper length is used for lipopolysaccharide synthesis in Gram-negative bacteria. The figure lists the multiple
isoforms of several of these core enzymes that are expressed by different bacteria. The branch points in the pathway for unsaturated fatty acid synthesis are not
illustrated. Please refer to a recent review for detailed information on the organism-specific nuances in the operation of FASII (9).

FIGURE 2. Exogenous fatty acid incorporation in E. coli: the Gram-nega-
tive paradigm. A, pathways for the incorporation of fatty acids into phospho-
lipids. Acyl-ACP molecules with the appropriate acyl chain length generated
in FASII are used to acylate sn-glycerol-3-phosphate (G3P) to make lysophos-
phatidic acid (LysoPA) by PlsB, and then phosphatidic acid (PA) by PlsC. Phos-
phatidic acid is the precursor to all phospholipid species. �-Hydroxyacyl-ACP
of the appropriate acyl chain length is used to make lipid A, the lipid core of
lipopolysaccharides. Exogenous fatty acids (Exogenous FA) are converted into
acyl-CoAs by acyl-CoA synthetase (FadD). Acyl-CoA molecules of the appro-
priate length can be used as substrates for the PlsB and PlsC acyltransferases.
Otherwise, acyl-CoA is �-oxidized to generate acetyl-CoA and energy. Exog-
enous fatty acids cannot rescue FASII inhibition because �-hydroxyacyl-ACP
made from FASII is essential. B, free fatty acids are also used to acylate lyso-
phospholipids by the 2-acylglycerophosphoethanolamine acyltransferase of
E. coli (Aas). The lysophospholipid is generated as a byproduct of lipoprotein
synthesis. The Aas is a bifunctional protein containing acyl-ACP synthetase
(STase) and acyltransferase (ATase) domains in addition to a tightly bound
ACP subunit (S-FA). The acyl-ACP synthetase ligates the fatty acid to the ter-
minal sulfhydryl (SH) of the bound ACP subunit, and the acyltransferase
domain transfers the activated acyl chain to the 1-position of the lysophos-
pholipid. Acyl-ACP is not liberated from the enzyme complex during the cat-
alytic cycle, so the acyl-ACP is not available for the synthesis of phospholipids
or lipopolysaccharides.

MINIREVIEW: Exogenous Fatty Acid Incorporation in Bacteria

MARCH 6, 2015 • VOLUME 290 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 5941



acyl-CoA:ACP transacylase and cannot convert fatty acids or
acyl-CoAs to acyl-ACP (34). Thus, entry of exogenous fatty
acids into FASII cannot occur. This means that the �-hydroxy-
fatty acids produced by FASII for incorporation into lipopoly-
saccharide via the acyl-ACP-specific acyltransferases cannot be
made from extracellular fatty acid sources. One confusing piece
of information concerning metabolism is that exogenous fatty
acids can be converted into acyl-ACP by the bifunctional
2-acylglycerophosphoethanolamine acyltransferase enzyme,
which was called acyl-ACP synthetase (aas) based on the ability
to detect this activity in vitro (35) (Fig. 2B). In the first step, fatty
acids are activated by the synthetase domain of the membrane-
associated enzyme and ligated to a bound ACP subunit. The
acyltransferase domain then transfers the acyl group attached
to the ACP subunit to lysophospholipids that arise as a byprod-
uct of lipoprotein synthesis (36). Although the acyl-ACP syn-
thetase half-reaction can be demonstrated in vitro and has
found use in the synthesis of these key intermediates, acyl-ACP
is not liberated from the enzyme complex in vivo (37–39) (Fig.
2B). Thus, an acyl-ACP synthetase reaction does occur in these
bacteria, but the acyl-ACP is not available to the acyltrans-
ferases of phospholipid and lipopolysaccharide synthesis.
There are of course exceptions to this rule. Vibrio harveyi is
capable of elongating exogenous fatty acids (40). This property
is attributed to the presence of a soluble acyl-ACP synthetase
(41, 42). It is not clear how widespread the acyl-ACP synthetase
activation pathway is in bacteria because this enzyme has not
been characterized in medically relevant pathogens.

Because acyl-CoA molecules made from exogenous fatty
acids of the appropriate length can be substituted for acyl-ACP
in making phosphatidic acid, exogenous fatty acids bypass the
effects of FASII inhibition on phospholipid synthesis. However,
there is no pathway for exogenous fatty acids to become �-hy-
droxyacyl-ACP required for lipid A biosynthesis because acyl-
CoA molecules cannot be converted to acyl-ACP and enter
FASII. Therefore, the block on lipopolysaccharide synthesis
from FASII inhibition cannot be bypassed by exogenous fatty
acids. Even if the exogenous fatty acids were activated by an
acyl-ACP synthetase and could thus enter the FASII pathway,
the acyl-ACP still cannot be converted to �-hydroxyacyl-ACP if
the FASII system is chemically inhibited. The essentiality of the
cell wall to Gram-negative bacteria means that exogenous fatty
acids cannot rescue these organisms from FASII therapeutics.
The exogenous fatty acid incorporation pathway of E. coli is
likely conserved in most �-proteobacteria, which includes med-
ically important bacteria groups such as Enterobacteriaceae
and Pseudomonas. However, Gram-negative bacterial diversity
is large, and organisms more distantly related to E. coli need to
be characterized to validate that these conclusions hold for all
members of this group.

Exogenous Fatty Acid Metabolism by Gram-positive
Bacteria

Gram-positive bacteria do not have an outer membrane and
therefore use fatty acids derived from FASII primarily for mem-
brane phospho- and glycolipid formation. These bacteria use
the same basic FASII pathway, but have a distinct acyltrans-
ferase system (Fig. 3). In these bacteria, long-chain acyl-ACPs

produced from FASII are converted into a novel activated fatty
acid, an acyl-phosphate (acyl-PO4). Acyl-PO4 is formed by
PlsX, an acyl-ACP:PO4 transacylase (43). The acyl-PO4 is used
to acylate the 1-position of sn-glycerol-3-phosphate by PlsY.
The second step in phosphatidic acid formation is catalyzed by
PlsC, but unlike Gram-negative PlsC, the Gram-positive iso-
forms only utilize exclusively acyl-ACP as substrate (Fig. 3).
Acyl-CoA has no known role in Gram-positive lipid metabo-
lism (18). Rather, the first step in the incorporation of exoge-
nous fatty acids is their activation by fatty acid kinase to gener-
ate acyl-PO4. The acyl-PO4 can be used by PlsY to initiate
phospholipid synthesis or be converted to acyl-ACP by PlsX
(Fig. 3). The acyl-ACP either is used by PlsC or can enter FASII
for elongation. Fatty acid kinase is composed of two dissociable
subunits (19). The kinase domain protein (FakA) phosphory-
lates a fatty acid tightly bound to the fatty acid-binding protein
component (FakB). FakB is capable of exchanging the bound
acyl-PO4 with a membrane-bound fatty acid, releasing the acyl-
PO4 into the membrane for utilization by PlsY or PlsX and
picking up another fatty acid substrate for FakA. The repetitive
cycle of phosphorylation and exchange accounts for fatty acid
incorporation into the membrane lipids of Gram-positive bac-
teria (Fig. 3).

Members of the order Lactobacillales, which contain bacteria
such as Streptococcus, Lactococcus, Clostridia, etc., have a
unique mechanism to regulate FASII in the presence of exoge-
nous fatty acids. These bacteria completely suppress FASII
activity when exogenous fatty acids are present, and if sufficient
fatty acid supplement is available, extracellular fatty acids are
exclusively incorporated into their membrane lipids (16, 17). In
this group of bacteria, the FASII genes are organized into a
single locus on the chromosome and are coordinately regulated
by FabT, a transcriptional repressor (44). FabT binding to long-
chain acyl-ACP increases its affinity for the repressor binding
sites (45). Therefore, exogenous fatty acids are converted to
acyl-PO4 and acyl-ACP, and the latter then binds to FabT to
severely repress the transcription of the genes encoding the

FIGURE 3. Exogenous fatty acid incorporation in S. aureus and S. pneu-
moniae: the Gram-positive paradigm. Acyl-ACP molecules with the
appropriate acyl chain length generated in FASII are used to acylate lyso-
phosphatidic acid (LysoPA) by PlsC to make phosphatidic acid, or con-
verted into acyl-PO4 by PlsX. Acyl-PO4 is used by PlsY to acylate sn-glycerol-
3-phosphate (G3P) to make lysophosphatidic acid. Phosphatidic acid is the
precursor to all phospholipid species. Exogenous fatty acids (Exogenous FA)
are phosphorylated by the two-component fatty acid kinase (FakA/B) to
make acyl-PO4. The resulting acyl-PO4 is used by PlsY, or converted to acyl-
ACP by PlsX. The acyl-ACP can be used by the PlsC acyltransferase or re-enter
the FASII elongation cycle. Bacteria that utilize exogenous fatty acids for
phospholipid synthesis exhibit a concomitant decrease in FASII activity. Cur-
rent thinking suggests that regulation of AccABCD by acyl-ACP is responsible
for this phenomenon, but this proposed biochemical mechanism has not
been experimentally validated.
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essential core enzymes of FASII (17). However, this stringent
transcriptional regulation does not account for the suppression
of FASII by exogenous fatty acids because fabT deletion strains
that possess constitutively high levels of FASII enzymes still
completely suppress FASII activity in the presence of extracel-
lular fatty acids (17). The reduction in malonyl-CoA in fatty
acid-treated cells suggests that the control point is acetyl-CoA
carboxylase (17). It seems reasonable to think that acyl-ACP is
the negative regulator of acetyl-CoA carboxylase in light of its
role in regulating this enzyme in E. coli (46), but biochemical
validation of this regulatory circuit is required to verify this
conclusion. This stringent biochemical regulation of FASII by
exogenous fatty acids means that these organisms are refrac-
tory to FASII inhibitors when cultured in the laboratory with a
fatty acid supplement such as from human serum (16, 17).

Lactobacillus johnsonii is a member of this bacterial order
that resides in the human gut and is a fatty acid auxotroph (47).
L. johnsonii lacks the genes to carry out FASII and requires
exogenous fatty acids from either the host or the gut microbial
community for membrane lipid synthesis (48). Therefore,
L. johnsonii would be expected to be refractory to FASII inhib-
itors. The genome of L. johnsonii encodes FakA, FakB, ACP,
PlsX, PlsY, and PlsC. Therefore, this organism has the minimal
gene set for the incorporation of exogenous fatty acids via the
fatty acid kinase pathway (Fig. 3). Many of the gut bacteria have
complex nutrient requirements, and other residents may also
be fatty acid auxotrophs (49). These species are usually consid-
ered beneficial for human health (50, 51), so the lack of inhibi-
tion of these microbes by fatty acid synthesis inhibitors may
prove to be beneficial in maintaining the gut microbiome dur-
ing antibiotic therapy. An important area for future research
will be to precisely determine the nutritional requirements and
importance of FASII in bacteria that constitute the gut micro-
biome. This research is complicated by the inability to culture
many of these bacteria in the laboratory and the lack of full
genome sequences that would permit a bioinformatic analysis
of fatty acid and phospholipid metabolism.

An important point is that the members of the Lactobacil-
lales order are not representative of all Gram-positive bacteria,
and conclusions made using these organisms cannot be
extended to all pathogens. The Gram-positive order Bacillales
contains the very relevant human pathogen S. aureus, which
does not have the same mechanism for the regulation of FASII
as representative members of Lactobacillales (i.e. Streptococcus
pneumoniae). The Bacillales use fatty acid kinase to activate
exogenous fatty acids, but the regulation of FASII in response to
exogenous fatty acids is very different. The FASII genes in
S. aureus are spread throughout the chromosome and are con-
trolled by the FapR repressor that is released from its DNA
binding sites following the binding of malonyl-CoA (52, 53).
Most importantly, the level of malonyl-CoA is maintained in
cells exposed to exogenous fatty acids (17). This means that the
activity of acetyl-CoA carboxylase is not efficiently inhibited,
and FASII initiation and elongation are not completely
repressed by exogenous fatty acids. This seemingly small regu-
latory nuance explains the effectiveness of FASII inhibitors
against S. aureus (17). AFN-1252 is an inhibitor of the enoyl-
ACP reductase (FabI) of FASII and blocks the elongation of

acyl-ACPs (54, 55). In AFN-1252-treated S. aureus, short-chain
acyl-ACP accumulates at the blocked FabI step, leading to the
severe depletion of free ACP (56, 57). Because all of the ACP is
tied up at the blocked FabI step, there is no ACP available for
the synthesis of acyl-ACP from exogenous fatty acids via PlsX
(Fig. 3). Therefore, the PlsC acyltransferase reaction, which
requires acyl-ACP, cannot occur and phospholipid synthesis
halts. Thus, the inability of S. aureus to down-regulate FASII
when exogenous fatty acids are present accounts for the inabil-
ity of fatty acids to overcome the effect of FASII inhibitors.

Fatty Acid Metabolism by Intracellular Bacterial
Pathogens

Intracellular pathogens characteristically obtain many of
their nutrients from the host cell, but in some cases FASII
remains important and in others it does not. Chlamydia tracho-
matis is a Gram-negative, obligate intracellular parasite (58)
where the operation of FASII is critical for proliferation (59).
C. trachomatis has a reduced genome devoid of many biosyn-
thetic pathways and depends on the host for a multitude of
molecules. However, the C. trachomatis genome encodes for all
FASII and phospholipid biosynthetic genes needed for de novo
fatty acid and phospholipid synthesis (60). Furthermore, bacte-
rial made, branched-chain fatty acids are found at the 2-posi-
tion of the C. trachomatis phospholipids (61). Inhibiting C. tra-
chomatis FASII at the FabI step blocks the replication of
C. trachomatis in HeLa cells through inhibiting fatty acid and
phospholipid synthesis (59). Given that fatty acids are made and
available inside the HeLa cells, this result shows that exogenous
fatty acids cannot rescue FASII inhibition in C. trachomatis. A
requirement for lipopolysaccharide synthesis in C. trachomatis
appears relevant, but the specific inhibition of lipopolysaccha-
ride formation does not stop bacterial replication like a FASII
inhibitor (62), indicating that FASII provides fatty acids for
more than just lipopolysaccharide biosynthesis. The extent to
which C. trachomatis may utilize host fatty acids remains an
important unanswered question, but it is clear that de novo fatty
acid synthesis is required for a vital cellular process. In contrast,
Mycoplasma pneumoniae is an example of an intracellular
pathogen that lacks FASII. This organism uses the FakA, FakB,
ACP, PlsX, PlsY, and PlsC genes to introduce fatty acids into the
phospholipid biosynthetic pathway (Fig. 3). One would pre-
sume that FASII inhibitors would not be effective against bac-
teria like these, which lack FASII and depend on exogenous
host fatty acids for membrane lipid synthesis.

Phospholipid Structure and Host Fatty Acids

The acyl chains attached to the phospholipids determine the
fluidity of the membrane, and proper membrane function
requires that the acyl chain composition be controlled (63). In
mammals and some bacteria, membrane fluidity is controlled
by the ratio of saturated to unsaturated fatty acids in the mem-
brane phospholipids. S. pneumoniae and E. coli are examples of
Gram-positive and negative bacteria that contain saturated and
monounsaturated fatty acids with similar structures and phys-
ical properties to the most abundant host fatty acids. However,
many bacteria, notably S. aureus, regulate fluidity by altering
the ratio of straight-chain to branched-chain saturated fatty
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acids (63). Branched-chain fatty acids are not made by the
mammalian host, and so phospholipids with branched-chain
fatty acids cannot be made if S. aureus depends exclusively on
the host for fatty acids. The importance of branched-chain fatty
acids in these organisms is demonstrated in the laboratory by
the increased susceptibility to stress of a S. aureus strain with
decreased levels of branched-chain fatty acids (64). Most
importantly, S. aureus acetyl-CoA carboxylase knockouts are
fatty acid auxotrophs and are easily maintained in the labora-
tory on rich medium supplemented with branched-chain fatty
acids (65). Feeding this strain saturated and unsaturated mam-
malian fatty acids leads to severe growth defects once the mem-
brane phospholipids become devoid of branched-chain fatty
acids. Accordingly, these S. aureus acetyl-CoA carboxylase
knockouts do not proliferate in a mouse infection model, illus-
trating that host fatty acids cannot support their growth. Based
on this limited information, one would predict that exogenous
fatty acids should not be able to bypass FASII inhibition in
Gram-positive human pathogens such as Staphylococcus,
Bacillus, Listeria, and Propionibacterium (66). However, direct
experimental evidence for this conclusion is required.

FASII Is Not Just for Fatty Acids

An important side effect of blocking fatty acid synthesis is
that it interferes with the synthesis of other cellular compo-
nents with a role in metabolism and cell-cell communication
that is important to virulence. The multifunctional eukaryotic
type I fatty acid synthase is very efficient, but it only produces
palmitic acid (8). In contrast, the dissociated FASII system
allows enzymes in other pathways to access FASII intermedi-
ates to synthesize important molecules. Lipoic acid (67) and
biotin (68) are two important cofactors that require FASII
intermediates to initiate their synthesis. Lipoic acid is central
for energy generation in many bacteria, and although an orga-
nism may obtain fatty acids from the host, they may not be able
to acquire sufficient lipoate to support growth in animals.
Although the inability of S. aureus acetyl-CoA carboxylase
knockouts to proliferate in mice is most likely due to the inabil-
ity of the bacteria to fulfill their branched-chain fatty acid
requirement (65), they are also lipoate auxotrophs, and it is
possible that there is insufficient lipoate present for the bacteria
to establish an infection. FASII intermediates are also used to
produce signaling molecules such as homoserine lactones and
quinolones that control bacterial social behavior (69, 70), and
fatty acid modification is important for the function of viru-
lence factors such as staphyloxanthin (71) and hemolysin (72).
Many of these molecules are implicated in survival or virulence
in infection models, suggesting that the inhibition of FASII may
be therapeutically beneficial even if the fatty acid requirement
for membrane phospholipid synthesis is met by incorporation
from the host. These considerations emphasize the importance
of in vivo experiments to make a final decision on whether
FASII inhibitors would be effective in vivo because it is not
reasonable to think that laboratory media accurately mimic the
nutritional mix found in the niches colonized by invasive
pathogens.

Summary and Future Questions

Recent years have seen solid advances in identifying the
mechanisms that bacteria use to incorporate host fatty acids
into their membrane phospholipids. However, many aspects of
our current models remain to be tested to determine the rele-
vance of these pathways to the efficacy of FASII therapeutics.
The key first step in fatty acid incorporation is catalyzed by one
of two activation enzymes: acyl-CoA synthetase or fatty acid
kinase that produce the correct activated forms to feed the two
major acyltransferase systems in bacteria (Figs. 2 and 3). A bac-
terial acyl-ACP synthetase is known from V. harveyi, and this
enzyme is capable of activating medium-chain fatty acids that
are capable of entering FASII when the enzyme is expressed in
a heterologous E. coli system (42, 73). Cyanobacteria also have
functional acyl-ACP synthetases (74), but more research is
needed to determine whether this activation pathway has any
relevance to the acquisition of host fatty acids in important
bacterial pathogens. In bacteria that lack FASII, fatty acid
kinase appears to be the main route for fatty acid utilization in
membrane formation. The enormous amount of energy
expended in the synthesis of fatty acids provides a rationale for
understanding why these uptake pathways are widespread in
bacteria. Despite their prevalence, it is clear that many impor-
tant human pathogens including Gram-negative bacteria
(E. coli, Enterobacteriaceae, Salmonella, Shigella, etc.) and
some Gram-positive bacteria (exemplified by S. aureus) can be
effectively treated using FASII inhibitors. Laboratory results
suggest that bacteria such as S. pneumoniae (order: Lactobacil-
lales) may be refractory to FASII inhibition due to their efficient
utilization of extracellular fatty acids. However, this conclusion
is not solid because it has not been experimentally tested in
animal infection models. Such experiments are essential to
establish this point due to the role of FASII intermediates in the
synthesis of cofactors and signaling molecules that are central
to energy production and virulence. A relevant proof of princi-
ple experiment would be to compare the virulence of wild-type
and acetyl-CoA carboxylase knock-out strains in animal mod-
els. If the Lactobacillales are proven to be refractory to FASII
inhibitors, then there are potentially important medical conse-
quences of deploying FASII therapeutics against other sensitive
pathogens. Members of the Lactobacillales are major beneficial
members of the gut microbiome community. There are serious
consequences that arise from the elimination of these bacteria
when broad-spectrum antibiotics are deployed (75–77). How-
ever, FASII inhibitors may not affect this community, making
these agents desirable for the treatment of susceptible patho-
gens such as S. aureus. Given the difficulties in discovering
new, truly broad-spectrum antibiotics, the paradigm of design-
ing narrower-spectrum antibiotics that effectively target a spe-
cific pathogen with reduced collateral damage to the human
gut microbiome should be more enthusiastically considered.
Finally, understanding how de novo FASII is biochemically reg-
ulated by exogenous fatty acids will be critical to determining
the extent of host fatty acid utilization. It is clear that there are
major differences in the stringency of regulation in groups of
Gram-positive pathogens; however, the biochemical mecha-
nism(s) that account for the rapid, and in some cases, nearly
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complete inhibition of FASII by exogenous fatty acids remains
unknown. Current thinking suggests acyl-ACP regulation of
acetyl-CoA carboxylase (Fig. 3), but experimental validation of
this hypothesis is not available.
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This thematic series is on the topic of cell signaling from a cell
biology perspective, with a particular focus on G proteins. G
protein-coupled receptors (GPCRs, also known as seven-trans-
membrane receptors) are typically found at the cell surface.
Upon agonist binding, these receptors will activate a GTP-bind-
ing G protein at the cytoplasmic face of the plasma membrane.
Additionally, there is growing evidence that G proteins can also
be activated by non-receptor binding partners, and they can sig-
nal from non-plasma membrane compartments. The produc-
tion of second messengers at multiple, spatially distinct loca-
tions represents a type of signal encoding that has been largely
neglected. The first minireview in the series describes biosen-
sors that are being used to monitor G protein signaling events in
live cells. The second describes the implementation of antibody-
based biosensors to dissect endosome signaling by G proteins
and their receptors. The third describes the function of a non-
receptor, cytoplasmic activator of G protein signaling, called
GIV (Girdin). Collectively, the advances described in these arti-
cles provide a deeper understanding and emerging opportuni-
ties for new pharmacology.

The classical view of G protein signaling begins with an
extracellular stimulus. A broad array of molecules, including
photons, single atoms (e.g. protons and calcium), odors, bio-
genic amines (e.g. epinephrine and dopamine), phospholipids,
glycoprotein hormones, and even enzymes (e.g. thrombin), are
detected by G protein-coupled receptors. Once activated, these
receptors engage a G protein heterotrimer, or in some cases
�-arrestins. G proteins exchange GDP for GTP, and the disso-
ciated � and �/� subunits initiate biochemical processes inside
the cell, most classically the production of second messengers
such as cAMP.

The Journal of Biological Chemistry has a rich tradition of
publishing papers on GPCRs,2 G proteins, and their regulators.
For example, RGS proteins (regulators of G protein signaling)
accelerate GTP hydrolysis, and so they act in opposition to
receptors to limit signal transduction. Much of this literature
has focused on mechanistic aspects of G protein function or
modification, with less attention paid to the movement and
distribution of component proteins within the cell. Given that
most hormones and neurotransmitters cannot cross the plasma
membrane, it seemed natural to assume that receptors and G
proteins must also reside at the plasma membrane in order to
function. Proteins located elsewhere were thought to be in tran-
sit, either to or from their primary site of action. However, it has

long been known that at least one family of GPCRs, the light
receptors epitomized by rhodopsin, are not at the cell surface
but are densely packed within oval-shaped “discs” inside the
rod and cone cells of the retina. Thus at least some G protein-
coupled receptors act primarily from inside the cell. This view
has been expanded by recent findings that are the focus of this
minireview series. The contributed articles are from three lead-
ing laboratories that are each pioneers in their respective fields.

The first minireview in the series is by Terri Clister, Sohum
Mehta, and Jin Zhang (1). This article begins with a nice sum-
mary of G protein signaling, including new insights into how G
protein function is regulated in space and time. Much of the
work they describe has benefitted from the development of sen-
sitive and versatile biosensors. In general, these consist of pro-
teins or protein fragments that emit an optical (usually fluores-
cent) signal based on changes in biochemical activity. When
such biosensors are paired with high-resolution microscopy,
they can reveal highly detailed spatial and temporal informa-
tion about molecular changes inside the cell, such as occur
when a cell moves toward a gradient stimulus. These tools pro-
vide information that is often lost in the aggregate data from
biochemical analysis, and they have begun to reveal dramatic
cell-to-cell variation in the response to stimuli. The authors
describe current biosensor design, and go on to provide specific
examples of biosensors being used to monitor receptor and G
protein (or arrestin) activation, translocation to and from the
plasma membrane, and the localized production of chemical
second messengers. Finally, they discuss new efforts to manip-
ulate cellular processes, for example using light-activated
GPCRs to target G protein activation within a narrow segment
of a cell. The ability to locally measure and activate G protein
signaling will surely advance our understanding of cell signaling
gradients, both outside and inside the cell.

The second paper in the series is written by Nikoleta G.
Tsvetanova, Roshanak Irannejad, and Mark von Zastrow (2).
These authors focus on GPCR and G protein trafficking to the
endosomal compartment. They outline a mechanism whereby
the internalization of activated receptors leads to a “second
wave” of G protein signaling from endosomes. Older genetic
studies in yeast as well as pharmacological studies in mamma-
lian cell culture had indicated a role for endomembrane pools of
activated G proteins. Direct evidence for GPCR and G protein
activation at endosomes comes from recent work by the von
Zastrow group. They adapted single domain antibody frag-
ments, originally developed to stabilize activated GPCRs and G
proteins for the purpose of x-ray crystallography, as genetically
encoded biosensors. When these fragments were used in con-
junction with live cell fluorescence imaging, these investigators
noticed two waves of activation, one at the plasma membrane
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and a second, more sustained, wave at the endosomes. These
waves of protein activation correlate with waves of second mes-
senger production, and these two readouts exhibit similar sen-
sitivities to endocytic inhibitors and agonist withdrawal. These
findings challenge long-held views that equate receptor endo-
cytosis with desensitization. Given that many physiological
processes depend on the timing and location of intracellular
signals, understanding these processes is of paramount impor-
tance in physiology and pharmacology.

The third article is by Mikel Garcia-Marcos, Pradipta Ghosh,
and Marilyn G. Farquhar (3). These authors focus on new func-
tions of GIV (also known as Girdin), one of an expanding group of
proteins that activate G proteins but that are not localized to the
plasma membrane and do not resemble typical GPCRs. GIV is pre-
dominantly found at internal membranes, rather than at the
plasma membrane, and is activated by receptor tyrosine kinases,
rather than GPCRs. Although the mechanistic details are still
being elucidated, there are compelling genetic data to indicate a
major role for GIV in cell migration and in the progression of
cancer metastasis, as well as nephrosis and liver fibrosis.

What do these findings mean for biological chemists?
Given the long history of GPCRs, as well as of receptor tyro-
sine kinases, as drug targets, there is a strong rationale for
investigating non-receptor activators as potential drug tar-
gets as well. Indeed, past drug discovery efforts were based
on long-held views that may no longer be entirely valid. With
emerging evidence for activators of G proteins that are not
receptors, and that are not even at the plasma membrane, we
can perhaps look forward to a “second wave” of G protein-
related discoveries within the pages of the Journal of Biolog-
ical Chemistry.
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The growing use of fluorescent biosensors to directly probe
the spatiotemporal dynamics of biochemical processes in living
cells has revolutionized the study of intracellular signaling. In
this review, we summarize recent developments in the use of
biosensors to illuminate the molecular details of G-protein-cou-
pled receptor (GPCR) signaling pathways, which have long
served as the model for our understanding of signal transduc-
tion, while also offering our perspectives on the future of this
exciting field. Specifically, we highlight several ways in which
biosensor-based single-cell analyses are being used to unravel
many of the enduring mysteries that surround these diverse sig-
naling pathways.

All cells rely on signal transduction to communicate extra-
cellular information to the intracellular machinery. In particu-
lar, G-protein signaling controls a multitude of diverse cellular
functions, including responses to hormonal signals and envi-
ronmental stimuli such as light and odor. It is estimated that
�1000 human genes encode G-protein-coupled receptors
(GPCRs),2 the initiators of G-protein signaling (1). Under-
standing G-protein signaling is therefore essential to unravel
important signaling processes and to determine how the dis-
ruption of these processes can lead to disease. G-protein signal-
ing begins with the activation of a GPCR by a corresponding
ligand, which induces a conformational change in the receptor
that transduces the external signal into the cell. This conforma-
tional change results in the recruitment and activation of het-
erotrimeric G-proteins, composed of G�, G�, and G� subunits
(G���). Specifically, the GPCR acts as a guanine nucleotide
exchange factor (GEF) and converts the G� subunit into its
GTP-bound activated state. Once activated, G� dissociates
from the G�� dimer to activate various downstream effectors.
Different G� isoforms are known to associate with different
GPCRs and/or effectors; thus, the specific downstream effects

depend in part on the particular isoform that is activated. These
effectors generate second messengers that both amplify the ini-
tial signal and modulate various downstream targets. G-protein
signaling is regulated by the intrinsic GTPase activity of G�, as
well as by arrestin, which promotes GPCR internalization and
mediates additional signaling pathways (2).

This classical view of G-protein signaling, revealed through
years of painstaking biochemical study, has long served as a
model for our understanding of intracellular signal transduc-
tion. However, recent studies are providing a more nuanced
understanding of G-protein signaling through the use of single-
cell analyses powered by fluorescent biosensors. These geneti-
cally encoded molecular tools offer a rapid and dynamic read-
out that enables the detection of biochemical activities within
the native environment of a living cell and provide a unique
platform for visualizing temporal and spatial information that
traditional biochemical approaches often fail to capture. Such
spatial and temporal information is crucial to our understand-
ing of signaling dynamics and the complex interplay between
different signaling cascades.

In this review, we first provide a brief summary of common
biosensor design strategies. We then describe various studies
that have used fluorescent biosensors and single-cell analyses to
probe different aspects of G-protein signaling, specifically
focusing on novel insights into GPCR activation, heterotrim-
eric G-protein dynamics, and second messenger production.
Finally, we discuss some of our thoughts regarding the applica-
tion of these techniques as well as the future of single-cell anal-
yses of G-protein signaling.

Fluorescent Biosensors for Single-cell Analyses

Biosensors are engineered constructs that couple the detec-
tion of a biochemical event to an optical signal. Genetically
encoded fluorescent biosensors in particular have greatly
enhanced the study of biochemical processes in living cells (see
Ref. 3). These modular tools are typically composed of a sensing
unit that detects a specific biochemical activity and induces an
observable change in the fluorescent signal from a reporting
unit. For example, many proteins change their localization in
response to the appearance or disappearance of binding part-
ners in particular subcellular regions. Translocation-based bio-
sensors, which combine a binding domain with a single fluores-
cent protein (FP), are thus able to report on the presence of
specific molecules through the redistribution of fluorescence
(Fig. 1a). The sensing unit can also comprise a molecular switch
that modulates the fluorescent properties of the reporting unit.
Generally, molecular switches are derived from proteins or pro-
tein fragments whose conformation changes in response to spe-
cific input signals. Inserting a molecular switch into a single FP
results in a biosensor whose fluorescence intensity changes in
response to an activity of interest (Fig. 1b). Alternatively, a
molecular switch can be coupled to a pair of FPs that are capa-
ble of undergoing FRET (Fig. 1c), which involves the non-radi-
ative transfer of excited state energy from a donor fluorophore
to a nearby acceptor (4). These basic designs comprise a diverse
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molecular toolkit for visualizing a myriad of signaling events in
cells. Furthermore, because these biosensors can be directly
expressed in and targeted throughout the cell, they are partic-
ularly powerful tools for monitoring biochemical processes at
specific subcellular locations, which has proven invaluable for
studying signaling dynamics.

Visualizing GPCR Signaling Behavior

GPCRs are a major family of plasma membrane receptors
that are characterized by seven-transmembrane domains and
classified according to their known structure and function.
Understanding how these receptors transduce signals is essen-
tial to resolving the specificity and interplay of their down-
stream effects. In the classical model, ligand binding to a GPCR
induces a conformational change in the receptor that activates
G�, which then dissociates from the receptor to activate effec-
tors. Under prolonged ligand signaling, GPCRs are phosphory-
lated by G-protein-coupled receptor kinases (GRKs), leading to
the recruitment of arrestin. GPCRs are then internalized via
endocytosis, inactivated, and subsequently recycled back to the
plasma membrane or targeted for degradation in the lysosome
or proteasome. Biosensors have been applied in three general
approaches to visualize GPCR signaling, mirroring the different
steps in GPCR activation: 1) examining ligand-induced confor-
mational changes; 2) monitoring G��� coupling; and 3) mon-
itoring arrestin binding.

The first approach depends on conformational changes in
the ligand-bound GPCR. Several biosensors have been devel-
oped to monitor GPCR activation and explore the functional
effects of GPCR conformational dynamics. Vilardaga et al. (5)
developed a pair of GPCR biosensors, based on the �2-adrener-
gic receptor (�2-AR) and the parathyroid hormone receptor

(PTHR), which were used to determine the unique kinetics of
each receptor (�40 ms and �1 s, respectively). These biosen-
sors were generated by inserting CFP into the third intracellular
loop of each receptor, with YFP fused to the C terminus, such
that ligand-induced conformational changes in the receptor
cause a change in FRET (Fig. 2a). Unfortunately, the intramo-
lecular FP adds bulk that can adversely interfere with down-
stream signaling. This same group created a modified sensor to
mitigate this issue by using FlAsH (fluorescein arsenical hairpin
binder), a small-molecule dye that only fluoresces when bound
to a specific peptide sequence. Hoffman et al. (6) replaced the
FP in the intercellular loop of �2-AR with the binding motif for
FlAsH and fused CFP to the C terminus of the receptor to make
an improved GPCR biosensor. The reduced bulk improved the
biosensor response 5-fold without changing the observed
kinetics or inhibiting downstream signaling. These early GPCR
biosensors set the stage for further studies of GPCR signaling.

Multiple experimental studies have demonstrated that
GPCRs adopt distinct conformations in response to different
ligands, leading to the hypothesis that different downstream
signaling pathways are coupled to specific GPCR conforma-
tions (7–13). Recently, Malik et al. (14) created a series of bio-
sensors that contain the GPCR-binding domain of different
G� subunits to study ligand-specific conformational changes
and subsequent differences in downstream effects. These bio-
sensors contain full-length �2-AR followed by YFP, a flexible
linker, CFP, and a C-terminal fragment from a particular G�
subunit (14) (Fig. 2b). G� proteins have been shown to bind a
cytosolic groove on activated GPCRs, and the C terminus of G�
is important for transducing signals between GPCRs and
G���. By creating multiple biosensors, each containing a

FIGURE 1. Standard approaches for biosensor design. a, translocation-based biosensors are generated by fusing a fluorescent protein to a protein or protein
domain that specifically recognizes a molecule of interest. Here, GFP is fused to a binding domain that specifically recognizes the active conformation of a
target protein located in the plasma membrane. The target protein becomes activated in response to an upstream signal, which induces the biosensor to
translocate to the membrane and results in the redistribution of the fluorescent signal from the cytosol to the plasma membrane. b, in this example of an
intensity-based biosensor, a molecular switch is inserted within a fluorescent protein such as GFP. The molecular switch consists of two protein fragments that
associate in response to a specific input signal, which leads to a conformational change in the molecular switch and an increase in the fluorescence intensity
of the biosensor. c, molecular switches are also used to generate FRET-based biosensors. Here, the molecular switch consists of two protein fragments fused in
a single polypeptide that is sandwiched between two proteins capable of undergoing FRET. In response to the input signal, the molecular switch undergoes
a conformational change that alters the distance and relative orientation of the fluorescent proteins, thereby resulting in a FRET change.
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unique G� subunit, it is possible to probe the link between a
specific G� and GPCR activation induced by different ligands.
For example, the authors found that treating �2-AR with one of
two inhibitory ligands enhanced the binding of G�i over G�s.
These results confirm previous studies that established G�i as
being responsible for inhibitory GPCR signaling and G�s as
being responsible for stimulatory GPCR signaling. Further-
more, structural studies have shown that a highly conserved
(E/D)RY motif in �2-AR forms an “ionic lock” with neighboring
residues when cells are treated with an inhibitory ligand, and
mutating certain residues in this motif has been shown to cause
constitutive GPCR signaling (15–17). Using the aforemen-
tioned biosensors, the authors found that mutating either Glu/
Asp or Arg increased the association of G�s to �2-AR; however,
as with previous studies, only the Glu/Asp mutations induced
the increased cAMP response caused by G�s signaling. Using

these modified FRET-based GPCR biosensors, this group was
able to directly visualize the links between specific ligand-in-
duced conformational changes and the downstream effects
controlled by specific G� proteins.

Classically, endocytosis is thought to result in the inactiva-
tion and recycling of GPCRs; however, the question of whether
GPCRs are inactive in endosomes has recently been debated.
To examine this question directly and determine whether
GPCRs could remain active in endosomes, Irannejad et al. (18)
developed a translocation-based biosensor that specifically
binds the �2-AR in its active conformation to probe endoge-
nous GPCR activation (Fig. 2c). This biosensor comprises GFP
fused to a nanobody, Nb80, that specifically binds activated
�2-AR after isoprenaline treatment. The nanobody is competed
off by arrestin binding, which leads to receptor endocytosis.
This group observed that GFP-tagged Nb80 translocated to the

FIGURE 2. GPCR activation dynamics revealed using biosensors. a, a FRET-based biosensor for measuring GPCR activation dynamics. Vilardaga et al. (5)
generated a pair of biosensors based on the �2-AR and the PTHR, in which CFP was inserted within the third intracellular loop and YFP was fused to the C
terminus of the full-length receptor. In both biosensors, receptor activation leads to a conformational change that decreases the FRET between the two
fluorescent proteins. When expressed in cells, these biosensors made it possible to directly visualize the ligand-induced conformational dynamics of these two
receptors with millisecond precision. b, a family of biosensors illuminates ligand-specific conformational changes and G-protein coupling. In a recent study,
Malik et al. (14) generated a panel of biosensors consisting of the �2-AR fused to YFP, a flexible linker, and CFP. Each sensor also contained a fragment from a
particular G� protein at the far C terminus. In cells expressing the biosensor variant containing a G�s fragment (upper panel), only a corresponding “stimulatory”
agonist was able to activate the biosensor and elicit a FRET response. Conversely, only an “inhibitory” agonist was able to elicit a FRET change in cells expressing
the G�i-fused biosensor (lower panel), thus demonstrating that different conformational changes induced by specific ligands can link a single receptor to
diverse downstream pathways. c, detecting endogenous GPCR activation in endosomes. Most GPCR biosensors report on the behavior of exogenously
expressed GPCR constructs. Thus, to investigate endogenous GPCR dynamics, Irannejad et al. (18) fused GFP to a nanobody that specifically binds the active
conformation of the �2-AR. This probe decorates the plasma membrane in stimulated cells but is displaced following the binding of arrestin during GPCR
internalization. However, this translocation-based biosensor was subsequently observed to label the resulting endosomes, indicating that the �2-AR is still
active in these compartments.
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plasma membrane upon �2-AR activation and then again to
endosomes once the receptor was internalized, revealing that at
least a subset of endogenous �2-AR is active in endosomes. The
biosensor used in this study binds endogenous �2-AR, thereby
circumventing concerns regarding artifacts due to exogenous
GPCR biosensor expression and providing valuable insights
into endosomal GPCR activity.

GPCR activity can also be monitored via the dissociation of
G��� or by the binding of arrestin. One question that has
remained unclear in the field is whether G��� associates with
GPCRs prior to receptor activation or whether they are only
recruited to the receptor after its conformational change.
Nobles et al. (19) used a bimolecular FRET sensor to study the
interaction between G��� (G�o or G�s, G�1, and G�2) and
multiple receptors (�2-AR, muscarinic acetylcholine receptor
M4, A1 adenosine receptor, and D2S dopamine receptor). Each
component was tagged with either CFP or YFP, and the FRET
responses were monitored between different combinations of
G-protein and receptor. The authors used these biosensors to
demonstrate that specific G-proteins tend to “precouple” with
specific receptors. For example, �2-AR precouples with G�o
but not with G�s, whereas the known G�s receptor prostacyclin
precouples with G�s but not with G�o. This precoupling model
conflicts with other studies that instead suggest a diffusion-
controlled model for the interaction between GPCRs and het-
erotrimeric G-proteins. These studies used FRET biosensors
for PTHR and �2A-AR but did not observe any precoupling (12,
20). The reason for these discrepancies is unclear, and further
studies are thus needed to resolve the nature of G-protein-re-
ceptor coupling.

The binding of arrestin to GPCRs is another indicator of
GPCR activity, specifically long-term GPCR activity leading to
endocytosis. Arrestin is recruited to phosphorylated GPCRs
and is necessary for receptor endocytosis via clathrin-coated
pits. Violin et al. (21) developed a bimolecular FRET reporter of
arrestin binding to study the specificity of GRKs, which are the
enzymes responsible for phosphorylating GPCRs and hence
recruiting arrestin. The authors fused CFP to the �2-AR and
YFP to �-arrestin and found that the recruitment of �-arrestin
to �2-AR can act as an indicator of endogenous and exogenous
GRK activity. This study also revealed a high degree of redun-
dancy in GRK specificity, with the amount of GRK activity
being proportional to the kinetics of the arrestin-receptor
interaction, leading the authors to conclude that the regulation
of GRK, and subsequent GRK regulation of GPCRs, is a mecha-
nism to control the length of GPCR activation. Krasel et al. (22, 23)
also used FP-fused proteins to study the interaction between
�2-AR and �-arrestin. These FRET studies, which use the same
biosensor design described above, reveal the kinetics of �-arrestin
binding to the receptor, as well as the reliance of this interaction on
GRK activity. The authors also found that the C terminus of the
receptor aids in �-arrestin binding and subsequent receptor inter-
nalization, which they suggest may occur through the recruitment
of other proteins to aid in internalization.

A more recent study used multiple FRET biosensors to study
interactions between PTHR and both arrestin and G��� (24).
For some GPCRs, such as the �2-AR, G��� and arrestin are
generally thought to bind sequentially. However, studies have

suggested that G��� and arrestin can bind PTHR together.
Previous work by Feinstein and colleagues (12, 25) showed that,
unlike �2-AR, PTHR induced prolonged cAMP signaling.
PTHR-arrestin complexes were specifically associated with this
prolonged cAMP signaling, a finding that calls into question the
classical model of G-protein signaling and recycling. To under-
stand how PTHR signaling and �2-AR signaling differ with
regard to prolonged cAMP signaling, Wehbi and colleagues (27)
used multiple FRET biosensors, which were described previously
(reviewed in Ref. 26) to study the interactions between PTHR,
arrestin, and G��� by tagging PTHR, G�s, G��, and arrestin with
CFP or YFP and monitoring FRET between pairs of tagged pro-
teins. Using this approach, arrestin and G�� were found to asso-
ciate with each other and simultaneously bind the PTHR. This
arrangement prolonged cAMP production (as previously
observed) (12, 25) through continued G�s activation from within
endosomes, thereby revealing the mechanism underlying pro-
longed cAMP signaling in the PTHR pathway. Prolonged cAMP
signaling, based on receptor internalization via arrestin, was also
shown to be the main downstream signaling difference between
two agonists of the V2 receptor (V2R) (27).

Monitoring the Dynamics of Heterotrimeric G-proteins

Following GPCR activation, G��� carries the signal to vari-
ous downstream effectors. Classically, G��� dissociates from
the GPCR and disassembles after the GPCR activates G� by
exchanging its bound GDP for GTP. There are multiple iso-
forms of the G� subunit, each of which is involved in specific
downstream signaling (28). For instance, G�s induces adenylyl
cyclase (AC) to produce cAMP, whereas G�i inhibits AC activ-
ity. Biosensors that focus on G��� are thus important tools for
studying the diversity and specificity of G-protein signaling.
FRET biosensors can be used to monitor G��� activity through
the disassembly of the subunits or through the association of a
G-protein subunit with an effector, which forms the next step of
the G-protein signaling pathway.

Janetopoulos et al. (29) created the first FRET biosensor for
G��� signaling based on the classical understanding of the dis-
sociation of G� from the G�� dimer by fusing YFP and CFP to
G� and G�s, respectively. This group observed a transient,
decreasing FRET response in Dictyostelium discoideum upon
GPCR activation, corresponding to the dissociation of the het-
erotrimeric components. Bünemann et al. (30) then modified
this design to study the dissociation of the G�i family of inhib-
itory G-proteins by fusing YFP to G�i, and by fusing CFP to
three different regions of the G�� dimer (Fig. 3a). Interestingly,
two of the three resulting biosensors produced increasing FRET
responses, which is contrary to the expected response if the
heterotrimer subunits were dissociating from each other. This
implies a continued interaction between the tagged subunits
upon GPCR activation and questions the classical view of G���
disassembly upon the activation of G-protein signaling, at
least for G�i. These results suggest that, unlike the dissociation
observed with G�s, G�i proteins undergo a conformational
rearrangement but do not fully dissociate. These conclusions
are supported by fluorescence recovery after photobleaching
(FRAP) experiments that show the same dissociation or contin-
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ued association of different G� subunits after GPCR activation
(31).

Using another G��� dissociation biosensor, Kataria et al.
(32) recently studied the specific role of the protein resistant to
inhibitors of cholinesterase 8 (Ric8), a molecular chaperone
with putative non-receptor GEF activity, in D. discoideum che-
motaxis (see Ref. 33 for a discussion of Ric8 regulation of het-
erotrimeric G-proteins). The chemoattractant cAMP is known
to activate G��� and the monomeric G-protein Ras, which are

necessary for coordinating chemotaxis. In this study, Ric8 was
found to be necessary for chemotaxis when there is a shallow
cAMP gradient. Using a bimolecular sensor composed of G�2-
CFP and G�-YFP, the authors studied the dissociation of the
heterotrimeric subunits, and hence the activation of G-protein
signaling, in response to cAMP agonist stimulation in wild-type
and ric8-null cells. In cells lacking Ric8, the total FRET change
was less than half that observed in wild-type cells, and the
response was slower. These results, together with biochemical
data, indicated that Ric8 acts as a GEF to reactivate inactive
G�2-containing G-proteins and sustain G-protein signaling
without continued receptor signaling. This sustained G� sig-
naling results in downstream effects on Ras that lead to concen-
trated Ras activity at the leading edge of a migrating cell.

Heterotrimeric G-proteins are the main link between GPCRs
and downstream effects, with different G� subunit isoforms
able to activate different effectors. Thus, a more complete pic-
ture of the interactions between G��� isoforms and various
effectors will improve our understanding of how different G�
subunits shape the diversity of G-protein signaling. To this end,
a number of biosensors have been developed to probe the inter-
actions between G��� components and downstream effectors.
For example, Sadana et al. (34) previously used a FRET probe to
study the dynamics of the interaction between G�s and adenylyl
cyclase 5 (AC5). However, it was unclear how the dynamics of
G�i differed from those of G�s. Recently, Milde et al. (35)
reported the development of a FRET biosensor to monitor the
association between G�i and AC5 (Fig. 3b). This bimolecular
sensor contains YFP fused to the N terminus of AC5 and CFP
attached to G�i1. Upon activation of G�i1 by the �2a-AR, the
authors observed rapid interaction between G�i1 and AC5. Sur-
prisingly, this response was followed by the slow dissociation of
G�i1 from AC5, which differed from the dynamics of the G�s-
AC5 interaction and was not altered by increasing the intrinsic
GTPase activity of G�i1. The authors concluded that the slow
deactivation kinetics of AC5-bound G�i1 can delay the reas-
sembly of the G��� complex and hence may be a mechanism
for AC5 self-regulation.

Tracking Second Messenger Dynamics

Second messengers are small molecules whose intracellular
levels are tightly regulated by the cell to amplify and propagate
signals to diverse downstream effectors. In the context of
G-protein signaling, these can include cAMP, inositol 1,4,5-
trisphosphate, diacylglycerol, and Ca2�, and fully understand-
ing G-protein signaling dynamics requires knowing how these
different second messenger pools are generated. For example,
Chakir et al. (36) used biosensors to study cAMP production in
response to �2-AR stimulation in canine heart cells with syn-
chronous or dyssynchronous heart failure and to investigate the
mechanism of cardiac resynchronization therapy. Using a
FRET biosensor that contains a known cAMP-binding protein
sandwiched between CFP and YFP, this group found that car-
diac resynchronization therapy improves stimulatory G-pro-
tein signaling in both synchronous and dyssynchronous heart
failure models. Specifically, cells from treated canines produced
more cAMP because the inhibitory G�i subunit was inhibited
by regulators of G-protein signaling (RGS2 and RGS3). Because

FIGURE 3. Visualizing heterotrimeric G-protein signaling. a, conforma-
tional rearrangement upon activation of the Gi heterotrimer. To test the dis-
sociation of Gi upon activation by a GPCR, Bünemann et al. (30) generated a
series of biosensors by fusing YFP to G�i and CFP to three different positions
on the G�� dimer. Although one of these biosensors produced a FRET
decrease upon GPCR stimulation (right panel), the other two both produced
increasing FRET responses (left and middle panels), suggesting that Gi pro-
teins undergo a conformational rearrangement upon activation and do not
fully dissociate, as in the case of the Gs heterotrimer. b, monitoring G�i inter-
action with adenylyl cyclase. Milde et al. (35) recently examined the interac-
tion between G�i and adenylyl cyclase by fusing CFP to G�i1 and YFP to AC5.
The activation of G�i1 by GPCR signaling results in its interaction with AC5,
leading to a FRET increase (upper panel). However, when compared with G�s
(lower panel), G�i1 was observed to dissociate very slowly from AC5, which the
authors suggested may be a mechanism for the self-regulation of AC5 activity
in cells. For clarity, G�� is not shown.
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G�i is inhibited, �2-AR signaling is biased to the G�s pathway,
which activates AC and increases cAMP production, thereby
restoring normal physiological conditions.

Similarly, Verma et al. (37) used a Ca2� biosensor to measure
the effect of various agonists and GRKs on D1-D2 heteromer
dopamine receptor signaling. The homo-oligomers of the dop-
amine receptors have been well studied, but the dynamics of the
D1-D2 hetero-oligomer are not well characterized. A FRET-
based Ca2� probe, composed of the Ca2�-binding protein cal-
modulin fused to the calmodulin-binding peptide M13 and
flanked by CFP and YFP, was used in this study to measure
intracellular Ca2� levels in response to a D1-specific agonist, a
D1-D2-specific activating agonist, and GRK knockdown. This
group found that the binding of a D1 agonist, even without full
activation, is sufficient to induce an increase in Ca2� that can be
attenuated by GRK activity.

Conclusions and Future Perspectives

Single-cell analyses using fluorescent biosensors are clearly a
powerful method to study signaling dynamics in pathways such
as G-protein signaling. The genetic encodability and modular
nature of biosensors provide a convenient way to create sensors
for different processes by fusing FPs to appropriate sensing
units. However, biosensors are not without faults. FPs can dis-
rupt the natural functions of the sensing unit due to their added
bulk, whereas the sensing unit itself can perturb the natural
signaling system. For example, a biosensor that contains a cat-
alytically inactive protein as the sensing unit may buffer the
natural ligand pool and affect native signaling (38). However,
these effects can be reduced by using enhanced biosensors, thus
lowering the required biosensor concentrations, as well as by
performing the proper controls. The drawbacks of biosensors
are also balanced by their principle advantage in single-cell
analysis: the ability to directly observe living cells in real time
and collect both temporal and spatial information on biochem-
ical activities.

Single-cell analyses also pose an interesting dilemma, in that
they can reveal dynamics that are rare or hidden at the popula-
tion level but may also reveal a wide range of behaviors across a
population, making it difficult to tease out the relevant dynam-
ics. This natural heterogeneity can hinder our understanding of
signaling dynamics, but it can also contain functional informa-
tion. Studies have presented different functional models for
how noise in a population is created and how it can affect func-
tion (39, 40). For instance, stochastic differences may contrib-
ute to the ability of a subpopulation of cells to exceed a thresh-
old and differentiate, which is an important event in many
processes, including development and immune cell differenti-
ation. Single-cell analyses are something of a mixed blessing in
this respect as they can provide valuable information that is lost
in population experiments, but the natural heterogeneity of a
signal may hinder the understanding of its function unless the
role of the heterogeneity can also be determined.

In addition to monitoring signaling dynamics, it is also pos-
sible to perturb specific biochemical processes at the single-cell
level by using optogenetics or chemically inducible dimeriza-
tion (CID) to directly manipulate cellular processes with spa-
tiotemporal precision. Combining biosensor-based single-cell

analyses with these novel tools offers new opportunities to
expand our understanding of signaling dynamics in general and
G-protein signaling in particular. Masseck et al. (41) provide an
excellent overview of current optogenetic methods and tools to
study G-protein signaling, particularly at the GPCR level. Opto-
genetics encompasses techniques in which light is used to con-
trol the activity of specific proteins. Opsins, a class of GPCRs,
are ideal for optogenetics because these light-sensing receptors
can be experimentally activated by light. Optogenetics is there-
fore readily applicable to the study of G-protein signaling.

A recent study selected opsins based on their ability to be
activated by specific wavelengths of light that do not overlap
with those necessary for fluorescent biosensor use (42). The
authors found three distinct opsins that meet this criterion and
enable the specific activation of GPCRs coupled to G�s, G�q, or
G�i while simultaneously using FRET biosensors to measure
downstream effects. The three opsins developed are: a blue var-
iant of rhodopsin (termed bOpsin) to activate G�i/o signaling;
melanopsin to activate G�q signaling; and a fusion construct
between a jellyfish GPCR domain that binds G�s and the fluo-
rophore component of bOpsin (termed CrBlue). When these
opsins were activated by an optical input, fluorescently tagged
heterotrimeric G-protein subunits translocated into the cyto-
sol, indicating successful activation of the receptor and G-pro-
tein signal transduction. Beyond combining the optical activa-
tion of G-protein signaling with the imaging of downstream
activity, the authors demonstrated that the light-activated
receptors could be activated at distinct cellular locations while
activity was measured throughout the cell. These studies pres-
ent a powerful tool to activate distinct GPCRs at specific, con-
fined locations in the membrane, which the authors used to
direct the growth of neurites. When the optical input was
directed at the edge of a neurite and steadily moved away,
lamellipodia were observed to expand in the direction of the
optical input, concomitant with the retraction of a distal neu-
rite. The ability to locally activate GPCRs opens new possibili-
ties for ways to control and study G-protein signaling dynamics.

CID is another method of directing protein activity that uti-
lizes the induced dimerization or association of specific protein
domains. For example, the FK506-binding protein (FKBP) and
FKBP12-rapamycin-binding domain (FRB) proteins dimerize
in the presence of rapamycin, which is a useful tool for directing
the association or translocation of proteins (43). To study the
specificity of heterotrimeric G-protein signaling, Putyrsky et al.
(44) used this system to tether different components of the
G��� heterotrimer to the plasma membrane. They then
observed the downstream effect by measuring intracellular
cAMP and Ca2�. FKBP was fused to G�q or G�s subunits or to
G� (remained associated with G�), and FRB was targeted to the
membrane. Upon rapamycin treatment, the G-protein subunits
translocated to the plasma membrane and induced down-
stream signaling independent of receptor activation. This study
demonstrates a new technology for selectively studying G-pro-
tein signaling diversity controlled by distinct heterotrimeric
G-proteins, as well as wide-ranging applications for studying
other aspects of G-protein signaling.

Optogenetics and CID are effective methods to directly con-
trol different aspects of protein behavior that, together with
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fluorescent biosensors, provide a promising new way to probe
the dynamics of G-protein signaling. Future studies utilizing
these molecular tools to control, perturb, and analyze G-pro-
tein signaling at the single-cell level will enable far more com-
prehensive and detailed studies of the spatiotemporal dynamics
of G-protein signaling, including GPCR activation, heterotrim-
eric G-protein activity, and downstream functions.
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Some G protein-coupled receptors (GPCRs), in addition to
activating heterotrimeric G proteins in the plasma membrane,
appear to elicit a “second wave” of G protein activation after
ligand-induced internalization. We briefly summarize evidence
supporting this view and then discuss what is presently known
about the functional significance of GPCR-G protein activation
in endosomes. Endosomal activation can shape the cellular
response temporally by prolonging its overall duration, and may
shape the response spatially by moving the location of intracel-
lular second messenger production relative to effectors.

It has been more than 20 years since regulated endocytosis of
GPCRs3 through ligand-dependent concentration in coated
pits was established (1, 2). Much has been learned since that
time about the large number of GPCRs that engage this cellular
regulatory mechanism, its biochemical underpinnings, and
later events determining receptor-specific trafficking itinerar-
ies. However, our understanding of how endocytosis impacts
canonical G protein-dependent signaling has remained un-
changed. Fundamental to this paradigm is the belief that recep-
tor-mediated activation of cognate heterotrimeric G proteins is
restricted to the plasma membrane, and that internalized
receptors are effectively silent with regard to this transduction
mechanism.

Evidence accumulated over the past several years is begin-
ning to challenge this view. Here we summarize data support-
ing an alternative hypothesis, that endosomes represent
dynamic sites of GPCR-G protein activation. We then focus on
what is beginning to be learned about the functional signifi-
cance of the endosome signal, limiting scope to the relatively

few GPCRs for which relevant data are presently available.
When one considers this limitation, together with the remark-
able diversity of membrane trafficking properties that distin-
guish even very similar GPCR homologs (e.g. Ref. 3) and splice
variants (e.g. Ref. 4), it seems likely that much more remains to
be learned.

Pathways and Mechanisms of GPCR Endocytic
Trafficking

Detailed investigations of several GPCR family members
have provided a reasonably clear outline of major events in the
regulated endocytic trafficking of receptors (Fig. 1A). Binding
of an agonist ligand present in the extracellular milieu pro-
motes GPCR-dependent activation of cognate heterotrimeric
G proteins associated with the inner leaflet of the plasma mem-
brane. Ligand-activated receptors are preferred substrates for
phosphorylation by GPCR kinases (GRKs). Phosphorylation on
multiple residues in a specific phospho-acceptor sequence
favors the subsequent interaction of receptors with �-arrestins
(or “non-visual” arrestins) by a mechanism involving confor-
mational change in both the receptor and arrestin (5– 8). GRK-
arrestin engagement contributes to shutting off the receptor’s
enzymatic activity as a guanine nucleotide exchange factor
(GEF), preventing subsequent activation of G proteins and con-
tributing to functional desensitization of cellular ligand respon-
siveness. �-Arrestins have multiple additional functions (9),
including binding to lipid and protein components of coated
pits (also called clathrin-coated pits). In this way, �-arrestins
act as endocytic adaptor proteins promoting GPCR concentra-
tion in clathrin-coated pits, which subsequently internalize by
dynamin-dependent membrane scission and are delivered to
endosomes (5, 10).

In endosomes, GPCRs engage additional molecular sorting
machineries that determine receptor-specific downstream traf-
ficking itinerary. Three “core” sorting machineries have been
identified so far.

The first core sorting machinery is the ubiquitin-ESCRT
machinery, so named for a multi-protein “endosome sorting
complex required for transport” (ESCRT) (11) that is conserved
in yeast and animal cells as well as (at least in part) in protists
and plants (12). This machinery recognizes a wide range of
membrane proteins in the endosome limiting membrane
according to the presence of covalently attached ubiquitin,
mediating transfer to vesicles formed within the endosome
lumen (13, 14).

The second core sorting machinery is the GASP machinery,
so named for a putative “GPCR-associated sorting protein”
(GASP) that binds various GPCR cytoplasmic tails without
requiring ubiquitination (15). GASP connects to several endo-
some-associating proteins, including components of the
ESCRT (16 –18). GASP itself appears restricted to mammals,
but its interaction partners are more widely distributed. This
machinery is thought to reduce the lateral mobility of selected
receptors in the endosome limiting membrane, thereby kineti-
cally restricting receptor access to relatively short-lived mem-
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brane tubules that emanate from endosomes and mediate
“bulk” membrane export and recycling (19).

The third core sorting machinery is the actin-sorting nexin
27-retromer tubule (ASRT) machinery, so named for three of
its essential components but also associated with additional
proteins (20, 21). This machinery is conserved in animals, and
part (e.g. retromer subunits) but not all (e.g. sorting nexin 27) of
it is found in yeast as well as in protists and plants (22). The
ASRT machinery recognizes GPCRs (as well as a variety of
other membrane proteins (21)) based on recognition of a C-ter-
minal PDZ motif, driving selective exit from endosomes via a
specialized population of membrane tubules for subsequent
delivery either back to the plasma membrane (recycling path-
way) or back to the Golgi apparatus (retrograde transport)
(23, 24).

GPCR interaction with each of these core machineries is reg-
ulated by post-translational modification (25–28) as well as by
non-covalent interactions with various (possibly many) other
proteins including G proteins (e.g. Ref. 16) and arrestins (e.g.
Refs. 29 –31). The net result is that discrete “involute,” “hold,”
and “recycle” operations are executed at the endosome limiting
membrane in a receptor-specific manner, subject to physiolog-

ical control through post-translational modification and non-
covalent interactions, with each operation representing an ele-
mental instruction in a conserved cellular program that flexibly
and specifically determines receptor post-endocytic fate.

GPCR delivery to lysosomes (directed by engagement of
ubiquitin-ESCRT and/or GASP machineries) promotes prote-
olysis and long-term down-regulation of cellular ligand respon-
siveness. Receptor recycling to the plasma membrane (directed
by engagement of the ASRT machinery) promotes nondestruc-
tive return of internalized receptors to the plasma membrane,
sustaining cellular ligand responsiveness in the prolonged pres-
ence of ligand or promoting the efficient recovery of respon-
siveness (resensitization) after ligand-induced desensitization.

The ability of endocytic membrane trafficking to adjust cel-
lular GPCR responsiveness after prolonged or repeated activa-
tion is well established. What is new, and still controversial, is
the idea that the endocytic network also contributes to the
ligand-dependent signaling response itself by generating a dis-
crete phase of GPCR and G protein activation in endosomes
(Fig. 1B).

A Historical Bias against GPCR-G Protein Activation in
Endosomes

The hypothesis that signaling can be initiated from endo-
somes long precedes even the recognition of regulated endocy-
tosis of GPCRs (reviewed in Ref. 32). Over the ensuing years,
GPCR endocytosis has been implicated in a wide variety of G
protein-independent signaling mechanisms (reviewed in Ref.
33). However, GPCR signaling through activation of heterotri-
meric G proteins was generally thought, or assumed, not to
occur in endosomes. Fully tracing the historical development of
this view is beyond the present scope. Here we briefly discuss
three of the main current reservations, based on studies of the
�2 adrenergic receptor (�2AR).

First, it is often assumed that internalized GPCRs are unable
to couple to G proteins because they are highly phosphorylated
in endosomes. Although phosphorylated �2ARs indeed exist in
both the plasma membrane and the endosomes of agonist-ex-
posed cells (34, 35), �2AR phosphorylation and dephosphory-
lation occur dynamically. Indeed, in early experiments using
whole-cell metabolic labeling with [32P]orthophosphate com-
bined with subcellular fractionation, �2ARs present in a light
membrane fraction (likely endosomes) were found to be under-
phosphorylated relative to a faster-pelleting (likely plasma
membrane) fraction (35). More recent data, derived from anal-
ysis of the native phosphorylation status of �2ARs isolated from
intact cells by mass spectrometry, revealed a remarkable degree
of heterogeneity in receptor phosphorylation states under all
conditions tested (36). Indeed, even in cells exposed to a satu-
rating concentration of a full agonist ligand that drives maximal
internalization, a considerable signal was detected correspond-
ing to receptors fully unphosphorylated in the critical GRK
acceptor sequence (26, 36, 37). Accordingly, there is presently
no compelling evidence for extensive inactivation of the inter-
nalized �2AR pool by phosphorylation.

Second, experimental manipulations reducing receptor engage-
ment with the GRK-arrestin system, such as mutation of essential
phosphorylation sites in the cytoplasmic acceptor sequence (37) or

FIGURE 1. GPCR endocytic trafficking relative to G protein-mediated sig-
nal initiation. A, main steps of ligand-dependent activation of heterotrimeric
G proteins, endocytosis and post-endocytic sorting of GPCRs in mammalian
cells. PM, plasma membrane; �-Arr, �-arrestin; Ub, ubiquitin. B, the new ele-
ment in this model is the existence of a discrete phase of GPCR-G protein
activation in endosomes.
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depletion of relevant GRKs or arrestins (38), reduce �2AR inter-
nalization but increase overall cytoplasmic cAMP accumulation.
At first glance, this appears inconsistent with a significant endo-
some signal. A caveat is that such manipulations, by blocking the
desensitization machinery, not only reduce endocytosis but aber-
rantly increase G protein activation in the plasma membrane.
Indeed, as discussed further below, inhibiting endocytosis using
more specific manipulations actually reduces net cAMP accumu-
lation (39).

Third, endosome acidification has been proposed to pre-
clude significant ligand-GPCR binding. A caveat to this belief is
that the moderate acidity of early endocytic vesicles (pH �6.5)
is in a range compatible with high-affinity binding and ligand-
dependent activation of �2ARs in vitro (40), and titratable res-
idue(s) in the �2AR may themselves modulate receptor activity
(41).

Evidence for a Non-canonical Mechanism of G Protein
Activation in Endosomes

To our knowledge, the first positive evidence suggesting that
G protein-linked signaling occurs from endosomes emerged
through study of the mating response initiated by activation of
the Ste2p GPCR in yeast. A screen of yeast knock-out strains
identified a set of endosomal proteins supporting a late compo-
nent of the mating response. Here it was concluded that a dis-
crete signaling complex, including the G protein � subunit
Gpa1 but devoid of conventional �� subunits, mediates this
later signaling phase through Gpa1 activation in the endosome
or vacuole membrane (42).

Early suggestions of endosomal G protein activation in mam-
malian cells emerged through investigation of the prolonged
cellular effects of an anti-inflammatory drug on sphingosine-1
phosphate receptors (43), as well as the sustained actions of
certain polypeptide ligands on receptors for thyroid-stimulat-
ing hormone (44) and parathyroid hormone (45). In these stud-
ies, G protein-linked signaling from endosomes appeared to be
substantially delayed relative to the acute (presumably plasma
membrane-derived) component, and it was poorly or slowly
reversed after ligand removal from the culture medium.
Together, these results support the occurrence of G protein
activation from endosomes through a mechanism different
from that occurring in the plasma membrane.

Explicit evidence for a distinct mechanism of sustained G
protein activation in mammalian cells emerged from study of
parathyroid hormone receptor signaling, in which a complex
containing the GPCR together with arrestin and G protein ��
subunits was identified (46). More recently, a similar complex
has been linked to a sustained component of cAMP generation
by vasopressin 2 receptors (47).

The sustained cAMP response that is ascribed to endosomal
G protein activation also appears different in how it is turned
off. Inactivation has been proposed to occur by receptor bind-
ing to the retromer complex, an essential component of the
ASRT machinery discussed above in the context of GPCR
endocytic sorting, perhaps via the retromer subunit VPS26 that
is similar in tertiary structure to conventional arrestins (47, 48).

Early Evidence for Canonical GPCR-G Protein Activation
in Endosomes

A study of mammalian D1 dopamine receptors provided
early evidence suggesting a rapid and reversible form of G pro-
tein activation in endosomes (49). Endocytic inhibitors reduced
the magnitude of Gs-dependent cAMP accumulation elicited
by receptor agonists in transfected fibroblastic cells and pri-
mary neuronal cultures. In both cell types, the cAMP response
was rapid, and it reversed within minutes after agonist removal.
Endocytic blockade also reduced a cAMP-dependent electro-
physiological response elicited by endogenous D1 receptor acti-
vation in brain slices. Again this effect was acute and rapidly
reversible (49).

Direct Detection of GPCR and G Protein Activation in
Endosomes Using Conformational Biosensors

A fundamental problem in interpreting all of the studies
summarized above was their reliance on temporal correlation,
together with possible complications of off-target or pleiotro-
pic effects of endocytic inhibitors. Direct evidence for GPCR or
G protein activation in endosomes was lacking, and alternative
interpretations could not be ruled out (e.g. see discussions in
Refs. 48 and 49).

Independent and arguably direct evidence emerged from
experiments in which single-domain antibody fragments
(nanobodies), developed initially as tools for structural investi-
gations (50), were repurposed to function as genetically
encoded “conformational biosensors” of discrete GPCR and G
protein activation states in living cells (Fig. 2, A–C) (39).

The first conformational biosensor was developed from a
nanobody raised against purified �2ARs bound to an irreversi-
ble agonist. This nanobody, Nb80, appears to bind activated
receptors selectively because it mimics the cognate G protein
(Gs) � subunit in its nucleotide-free form (51, 52). The same
nanobody, when present at a much lower concentration than in
structural studies, can effectively detect the activated receptor
conformation without forcing activation in the absence of ago-
nist. By fusing Nb80 to the green fluorescent protein (Nb80-
GFP), and expressing it as a genetically encoded intrabody at a
suitably low concentration in the cytoplasm, ligand-dependent
and reversible conformational activation of the �2AR was suc-
cessfully detected in living cells (39) (Fig. 2B).

Live-cell fluorescence imaging of Nb80-GFP localization
revealed an interesting series of events. Agonist (isoproterenol)
addition to cells first promoted Nb80-GFP recruitment to the
plasma membrane, then �2ARs clustered in coated pits appar-
ently devoid of associated Nb80-GFP, and then Nb80-GFP was
recruited to endosomes. Endosome recruitment of Nb80-GFP
was visible several minutes after recruitment to the plasma
membrane and occurred as a discrete second phase, after the
delivery of receptors to endosomes devoid of bound nanobody
(39).

Another biosensor was then generated, this one based on a
distinct nanobody (Nb37) recognizing a helical region of the Gs
� subunit that is not exposed in nucleotide-bound conforma-
tions, but which becomes mobile and exposed when the nucle-
otide binding pocket is empty (39). This is characteristic of �
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subunit present in the canonical agonist-GPCR-G protein ter-
nary complex, which is thought to represent the key catalytic
intermediate in G protein activation (53).

Fusing Nb37 to the green fluorescent protein (Nb37-GFP)
created another useful conformational biosensor (Fig. 2C).
When expressed at a suitably low level, Nb37-GFP localized
diffusely in the cytoplasm in the absence of �2AR agonist. Ago-
nist application initiated two phases of Nb37-GFP recruitment,
first to the plasma membrane and then to endosomes �1 min
after receptor arrival. Both recruitment phases of Nb37-GFP,
like those of Nb80-GFP, reversed rapidly and completely after
agonist removal. Further, they were correlated with time-re-
solved components of �2AR-mediated cAMP accumulation,
with the second phase selectively sensitive to endocytic inhibi-
tors (39).

Accordingly, it is now reasonably clear that activated GPCRs,
and conformational activation of cognate G proteins, can

indeed occur in endosomes (Fig. 1B). For catecholamine
receptors, this is rapid and reversible, as in the plasma mem-
brane. Further, although some GPCRs associate with arres-
tins in endosomes, D1 dopamine receptors and �2ARs do so
weakly or not at all (54). Moreover, nanobody-based biosen-
sors suggest that similar protein conformational states
accompany �2AR and Gs activation in endosomes and the
plasma membrane. The simplest interpretation of these
findings, taken together, is that some GPCRs can activate G
proteins in endosomes by a similar (or the same) mechanism
as in the plasma membrane.

Evidence for Temporal and Spatial Consequences of
Endosomal GPCR-G Protein Activation

If endosomes are indeed sites of bona fide GPCR-G pro-
tein activation, what is the functional significance of the
endosome signal? This is a fascinating question that is only

FIGURE 2. New genetically encoded tools for probing and manipulating spatiotemporal signaling in living cells. A, diagram depicting the canonical
scheme of GPCR-mediated activation of adenylyl cyclase. Steps 2 and 3 are the key steps of receptor and G protein activation probed by the biosensors. B, design
of Nb80-GFP. C, design of Nb37-GFP. D, design of bPAC-PM for optogenetic activation of adenylyl cyclase activity on the plasma membrane (PM). E, design of
bPAC-Endosome for optogenetic activation of adenylyl cyclase activity on the endosome limiting membrane.
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beginning to be addressed. Evidence available so far supports
two main effects.

First, endosome-based activation confers temporal control
on the cellular response. GPCR-G protein activation in endo-
somes has been observed consistently to extend the duration of
the response and, in some studies, has been reported to sustain
the response after ligand removal. The downstream manifesta-
tions of these temporal effects remain largely unexplored but,
considering how many physiological processes depend on sig-
nal timing, they are likely widespread (e.g. Refs. 44, 45, 55, and
56). Temporal effects may also be important to mediate the
therapeutic or toxic actions of drugs, particularly high-affinity
compounds that remain associated with target GPCRs for long
periods of time (e.g. Ref. 43).

Second, emerging evidence suggests that endosome-based
activation can confer a discrete type of spatial control on the
cellular response. Endocytic inhibitors were found to reduce
the magnitude of �2AR-elicited induction of a large reper-
toire of cAMP-dependent genes, including for example
PCK1, the gene encoding phosphoenolpyruvate carboxyki-
nase 1 that determines the rate of gluconeogenesis. This
effect did not correlate with changes in the overall level of
cytoplasmic cAMP accumulation and was associated with
reduced phosphorylation of the cAMP-response element-
binding protein (CREB) that drives overall cAMP-dependent
transcriptional induction. Together, these results suggest
that GPCR-G protein activation in endosomes confers a dis-
crete type of spatial control over the specificity of down-
stream signaling, likely by increasing the efficiency of cAMP-
dependent phosphorylation of CREB through physical
proximity (57).

An Optogenetic Strategy to Selectively Probe Spatial
Effects of the Endosome Signal

Definitively testing the “spatial encoding” hypothesis was not
possible using only endocytic blockade, for similar reasons that
this approach was limited for initially detecting GPCR-G pro-
tein activation in endosomes. In addition, because endocytic
inhibitors inherently alter temporal properties of the cellular
signal, a primary spatial effect of endocytic blockade is difficult
to resolve from secondary consequences of altering the signal in
time. Thus an orthogonal approach was developed to test spa-
tial effects directly.

To do so, a bacteria-derived photoactivated adenylyl cyclase
(bPAC) (58) was engineered to localize either to the plasma
membrane (Fig. 2D) or to the endosomes (Fig. 2E) using estab-
lished targeting sequences. Under illumination conditions
adjusted to produce similar elevations of overall cytoplasmic
cAMP concentration from each location, recombinant adenylyl
cyclase activated on endosomes was found to induce cAMP-de-
pendent transcription much more efficiently than adenylyl
cyclase activated on the plasma membrane. However, when
cells were exposed to rolipram, a chemical inhibitor of phos-
phodiesterase-4 enzymes concentrated in the peripheral cyto-
plasm and associated with the plasma membrane (59), adenylyl
cyclase localized to the plasma membrane strongly induced
transcription (57).

These findings provide independent and arguably direct
support for the hypothesis that cAMP generated from endo-
somes indeed confers a discrete spatial effect on the down-
stream cellular response. In essence, receptor-containing
endosomes appear to function as flexible signal delivery
vehicles that move the site of intracellular second messenger
production in proximity to a relevant effector (such as
CREB), with local phosphodiesterase activity setting the dis-
tance scale over which effective signal transduction can
occur (Fig. 3).

Conclusion and Future Perspectives

There is now reasonably strong evidence indicating that
some GPCRs, in addition to initiating ligand-dependent signal
transduction by coupling to heterotrimeric G proteins in the
plasma membrane, can also activate cognate G proteins after
endocytosis. GPCR and G protein activation in endosomes
appears, at first glance, to contradict long-held ideas regarding
the cellular basis of GPCR desensitization. However, this
emerging view is compatible with previous understanding if
one recognizes selective downstream effector coupling of the
endosome-derived signal.

Many interesting questions are posed by these develop-
ments. First, the overall functional significance of endosomal
GPCR-G protein activation remains a critical question that
has been only partially addressed, and very little is known
about it in native cell types or tissues. Second, the range of G
protein-linked transduction machinery that can be engaged
from endosomes is presently unknown. In particular, the
identity and subcellular distribution of specific adenylyl
cyclase(s) responsible for the endocytosis-dependent signal-
ing effects discussed in the present review remain undefined.
Another open question is whether more than one mecha-
nism of GPCR-G protein activation operates in endosomes.
The present data support the existence of two mechanisms,
differing in kinetics and reversibility, and mediated through
the formation of biochemically distinct signaling complexes
on the endosome limiting membrane. Do discrete mecha-
nisms of G protein activation operate from the same or dif-
ferent endosomes, and are their functions redundant or dis-
tinct? Another fascinating question, which is only beginning
to be explored, is how particular mechanism(s) of endo-
some-based signaling are terminated. Considering the long-
recognized importance of GPCR-G protein signal termina-
tion at the plasma membrane (7, 8), this would seem a critical
future direction. Yet another interesting direction is toward inves-
tigating broader implications of endomembrane G protein activa-
tion, such as its recently proposed role in homeostatic control of
the biosynthetic pathway by the seven-transmembrane KDEL
cargo receptor through receptor-mediated activation of Gs in the
Golgi apparatus (60).

The present review has focused specifically on GPCR signal-
ing via heterotrimeric G proteins. As noted briefly above, there
is also considerable previous evidence suggesting that endo-
somes support various G protein-independent transduction
mechanisms, particularly those initiated by GPCRs that (unlike
D1 dopamine receptors and �2ARs) strongly associate with
arrestins after internalization (reviewed in Refs. 9 and 33). It

MINIREVIEW: GPCR-G Protein Activation in Endosomes

MARCH 13, 2015 • VOLUME 290 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 6693



appears, indeed, that much remains to be learned about how
the endocytic network impacts cellular signaling mediated by
the large and diverse GPCR family.
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Activation of trimeric G proteins has been traditionally viewed
as the exclusive job of G protein-coupled receptors (GPCRs). This
view has been challenged by the discovery of non-receptor activa-
tors of trimeric G proteins. Among them, GIV (a.k.a. Girdin) is the
first for which a guanine nucleotide exchange factor (GEF) activity
has been unequivocally associated with a well defined motif. Here
we discuss how GIV assembles alternative signaling pathways by
sensing cues from various classes of surface receptors and relaying
them via G protein activation. We also describe the dysregulation
of this mechanism in disease and how its targeting holds promise
for novel therapeutics.

Heterotrimeric (henceforth trimeric) G proteins work as
molecular switches that control the flow of information from
extracellular cues perceived by G protein-coupled receptors
(GPCRs)4 at the cell surface to a wide array of intracellular effector
proteins that control cell behavior (1, 2). Resting (GDP-bound) G�
subunits in complex with G�� are activated by ligand-occupied
GPCRs, which are guanine nucleotide exchange factors (GEFs)
and promote the exchange of GDP for GTP on the � subunit (1).
Signaling is turned off by the intrinsic GTPase activity of G�, lead-
ing to reassociation of G� with G��. This well studied sequence of
reactions is commonly referred to as the “G protein cycle” and
represents the core components and events of this signal transduc-
tion mechanism. Extensive work during the last decades has
revealed that this signaling mechanism is dysregulated in major
human diseases such as cancer, fibrosis, neurodegeneration, dia-
betes, and cardiovascular disease. In fact, GPCRs represent the
target for 30–50% of marketed drugs (3).

A less well studied aspect of G protein signaling pertains to
the role of the so-called “accessory proteins” (4). These refer to
a still emerging heterogeneous set of proteins capable of mod-
ulating the activity of G proteins in various ways. Detailed
descriptions of these accessory proteins or some of their sub-
families have been the subject of extensive reviews elsewhere
(4 – 8). Here we will focus on reviewing recent discoveries on a
particular G protein activator called GIV (a.k.a. Girdin). We will
discuss how these recent discoveries provide a new perspective
on how we understand trimeric G protein signaling and its
cross-talk with other signaling pathways, and how this impacts
a variety of cellular processes. We will also discuss the impact of
GIV-mediated signaling in the progression of human diseases
and the future perspectives that this opens for therapeutics.

Accessory Proteins in G Protein Signaling

Historically, the first accessory proteins in G protein signal-
ing (and the best characterized to date) were the RGS proteins
(9 –11). Soon after, a group of GoLoco/GPR proteins was also
identified (12, 13). Although both RGS and GoLoco/GPR pro-
teins work as inhibitors of G� subunits, the molecular mecha-
nisms that they use are different; RGS proteins are GTPase-
activating proteins (GAPs) that accelerate the intrinsic GTPase
activity of G� (9, 10), whereas GoLoco/GPR proteins are gua-
nine nucleotide dissociation inhibitors (GDIs) that block nucle-
otide exchange (12, 14, 15). Of note, these groups of regulators
are structurally well defined by shared signature motifs or
domains. The “GoLoco/GPR motif” (�20 –30 aa) (16, 17) and
the “RGS box” (�120 aa) (10, 18 –20) are sufficient to exert
guanine nucleotide dissociation inhibitor or GTPase-activating
protein activity, respectively, on G� subunits.

Although the identity of tractable domains has propelled the
biological characterization of RGS and GoLoco/GPR proteins
and incentivized efforts to pharmacologically target them (21,
22), the characterization of a third group of accessory proteins
called non-receptor GEFs has progressed at a slower pace. Non-
receptor proteins such as AGS1 (23), Ric-8A (24), Ric-8B (25),
Arr4/Get3 (26), or CSP� (27), among some others (4), have
been described to mimic the action of GPCRs by virtue of their
GEF activity toward different G� subunits. However, these
examples represent a heterogeneous group of proteins, and no
signature domain or motif was described as responsible for
their GEF activity. This precluded the design of tools, such as
GEF-deficient mutants, to unequivocally link the biological
functions of these proteins (26, 28, 29) to their GEF activity
instead of to other functional domains that they may have. In
this regard, the discovery of the first defined GEF motif in GIV
(30) has provided a unique opportunity to further our under-
standing of non-receptor GEFs.

GIV, a Non-receptor GEF for Trimeric G Proteins That
Works via a Defined Motif

GIV is a large (1870-aa) multidomain protein (Fig. 1A) capa-
ble of binding to multiple cellular components (e.g. actin fila-
ments, phosphoinositides, trimeric G proteins, etc.). The iden-
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tification of GIV, as well as its initial characterization as a
signaling molecule, was originally reported by several inde-
pendent groups (31–35) before the discovery of its GEF motif.
Anai et al. (33) provided the first evidence directly linking GIV
expression to the enhancement of the PI3K-Akt pathway,
which was confirmed by us (36) and others (37). These and
other studies (31, 38 – 40) indicated that GIV played a critical
role in the response of different cell types to receptor tyrosine
kinase (RTK) and GPCR stimulation. In the current review, we
will focus on the functions of GIV specifically associated with
its ability to bind and modulate G proteins. We direct the read-
ers to other recent reviews covering other functions of GIV
(41).

GIV was originally identified as a G�i3-binding protein in
a yeast two-hybrid screen (34). GIV can bind robustly to the
Gi family members G�i1, G�2, and G�3 and to a lesser extent
to G�s. No significant binding is observed to the represen-
tative members of other G protein subfamilies, such as G�12
and G�q (34). A critical realization (30) came from the iden-
tification of sequence similarity between a stretch of �25
evolutionarily conserved amino acids in the C-terminal
domain of GIV and KB-752. KB-752 is a synthetic peptide
with GEF activity toward G�i proteins but presumed to have
no similarity to any known G protein regulator at the time
(42). A series of studies provided the biochemical basis to
establish GIV as a bona fide GEF for G�i subunits and also
described details on the structural basis for its binding to G
proteins (30, 32, 43– 45). Enzymatic assays with purified
components demonstrated that GIV does not affect the rate
of catalysis of GTP hydrolysis by G�i3 but instead accelerates
the rate of nucleotide exchange, leading to G� subunit acti-

vation consistent with a GEF activity (30, 44). Another fea-
ture shared with other known GEFs is the inability of GIV to
bind G� subunits in the active conformation (GTP-bound)
(30, 32). This ensures the directionality of the reaction
toward signaling activation: i.e. GIV engages G�-GDP as a
substrate and facilitates the nucleotide exchange reaction,
and once GTP is loaded onto the G protein, the complex
dissociates to allow binding of the active G protein to its
effectors, leaving GIV free for a new round of activation.

These studies also provided important structural insights
into the assembly of the GIV-G� complex by using a combi-
nation of homology modeling (based on the x-ray structure
of the KB-752 peptide bound to G�i1 (42)) and site-directed
mutagenesis (30, 45). The conclusion of these studies indi-
cates that conserved hydrophobic residues that align on one
side of a short aliphatic helix in GIV dock onto a hydropho-
bic cleft between the switch II and the �3 helix of G�i (Fig.
1B). This mode of binding explains the inability of GIV to
bind active G�i because the conformation of the switch II
helix in G�i-GTP occludes the predicted binding site (46).
Another important implication of this mode of binding is
that the docking site of GIV on G�i overlaps with the G��
binding region (30). Although it is not known whether GIV
can directly activate a G�i-�� trimer in vitro, it was shown
that GIV can displace G�� from a preformed G�i-�� trimer
in vitro and enhance G��-dependent signaling (e.g. PI3K-
Akt) in cells via its GEF motif (30). A question that remains
open is how much of the action of GIV is mediated by G��
subunits released from G� purely by physical displacement
or by activation of G�i.

FIGURE 1. GIV is a multi-modular protein that activates G�i via its C-terminal GEF motif by assembling a unique GIV-G�i protein-protein interface. A,
schematic representation of the domain organization of GIV. MT, microtubule; GBD, GTPase-binding; PI4P, phosphatidylinositol 4-phosphate; NT, N terminus;
CT, C terminus. B, left, homology model of the GEF sequence of GIV (orange) bound to G�i3 (blue, green, and red) generated as described in Ref. 30. Green denotes
the switch II (SwII) region, and red denotes the �3 helix. Right, same view as is the left panel with a space-filling surface representation of G�i3 colored by
hydrophobicity (red to blue scale indicates increasing hydrophobicity). Three hydrophobic residues in GIV (Leu-1682, Phe-1685, and Leu-1686) are predicted to
dock onto a hydrophobic cleft on G�i3.
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GIV Links Multiple Classes of Surface Receptors to
G Protein Activation

Mapping for the first time the specific motif and residues
in a non-receptor GEF required to bind and activate G pro-
teins has provided a unique advantage over other known
non-receptor GEFs. Designing surgical mutations that pre-
vent the coupling of GIV to G� has served not only to vali-
date that its GEF activity in vitro is mediated by a defined
motif but also to characterize the biological functions spe-
cifically associated with this activity in cells (see below). Ini-
tial experiments dissected a signaling mechanism in which
G�� subunits released upon GIV-mediated G protein acti-
vation resulted in activation of PI3K-Akt (30), a pathway
previously reported to be modulated by GIV via an unknown
mechanism (33). Later work has dramatically expanded the
repertoire of intracellular signals controlled by the GEF
activity of GIV (Fig. 2), including PKA/CREB, ERK1/2, Src,
STAT3, mTOR (mammalian target of rapamycin), and
SMAD2/3, among others (36, 47– 49).

What became apparent early on while investigating the
function of GEF-deficient GIV mutants was that GIV-depen-
dent G protein activation was not important exclusively for
signaling pathways triggered by stimulation of GPCRs.
Instead, the GEF activity of GIV is required to signal down-
stream of multiple RTKs (30, 36, 43, 44, 48). More recently, it
was also shown for Toll-like receptors (TLRs) (47) and trans-
forming growth factor � receptors (TGF�Rs) (47). These
findings have important implications because they place
activation of trimeric G proteins as a critical signal transmis-
sion step in the context of signaling pathways not tradition-

ally believed to utilize them. Interestingly, it has been
recently reported that Ric-8A, another non-receptor GEF for
trimeric G proteins, is required for efficient RTK signaling
(50, 51). However, it has recently been shown that Ric-8
proteins are G protein chaperones (52–54), and it is contro-
versial whether the effects observed for Ric-8 in cells are
mediated by its GEF or its chaperone activity (55, 56). Thus,
the picture that starts to emerge is one in which GIV, and
maybe other non-receptor GEFs, works as a common plat-
form on which inputs from different surface receptors con-
verge to be subsequently transmitted via G protein activa-
tion (Fig. 2). This mechanism is likely to underlie the
signaling rewiring mediated by the GEF activity of GIV in
different pathological conditions (see below).

However, how does GIV become engaged with these differ-
ent surface receptors? This question still remains incompletely
answered. Of all surface receptor classes GIV is linked to, the
molecular mechanisms of coupling are best understood for
RTKs. GIV was first shown (36) to directly bind the tyrosine-
phosphorylated intracellular tail of EGFR, the prototypical
RTK. Subsequent work demonstrated that this mode of binding
is conserved for other RTKs (including insulin receptor � and
VEGFR2) (57), suggesting its generality. However, the struc-
tural basis for this has been elucidated only recently (57). A
stretch of �110 aa in the C-terminal domain of GIV appears to
display structural plasticity: i.e. it is capable of transitioning
from a disordered state to an SH2-like folded domain capable of
binding phosphotyrosine ligands. When a critical residue in
this domain is mutated, binding to phosphotyrosines is lost
and GIV no longer transduces signals downstream of RTKs,

FIGURE 2. The GEF motif of GIV modulates key signaling networks downstream of diverse classes of receptors. Top, a schematic summarizing the diverse
classes of receptors that converge upon GIV and have been shown to require the GEF function of GIV to transduce downstream signaling. Solid lines connecting
the receptor (i.e. RTK) to GIV represent direct coupling by physical interaction, whereas the dotted lines represent coupling by an unknown mechanism. InsR,
insulin receptor; PDGFR, PDGF receptor; VEGFR, VEGF receptor; fMLPR, formylmethionylleucylphenylalanine receptor; LPAR, lysophosphatidic acid receptor;
TGF�R, transforming growth factor � receptor; mTOR, mammalian target of rapamycin; pCREB, phosphorylated CREB; pTyr, phosphotyrosine. Bottom, summary
of different signaling pathways that are either enhanced (green upward arrow) or suppressed (red downward arrow) by the GEF activity of GIV. Numbers indicate
the reference number in the text for the publication where the original finding was reported.
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even in the presence of an intact GEF motif (57). Taken
together, these findings delineate a signal transduction
mechanism in which trimeric G proteins become activated
by RTKs via GIV: i.e. autophosphorylated RTK tails recruit
the SH2-like domain of GIV, which in turn activates G pro-
teins via its GEF motif (Fig. 3).

The GEF Motif of GIV Is Crucial for the Regulation of
Diverse Biological Processes

Considering the variety of surface receptors GIV is coupled
to and the many targets that exist for G proteins, the wide array
of cellular processes GIV is involved in is not surprising. To date
the G protein modulatory function of GIV has been reported to
regulate cell motility and tissue invasion (30, 36, 44, 49, 58),
mitosis (36, 59), autophagy (43), cell survival (47, 48), and intra-
cellular protein trafficking (36, 59).

Cell Motility

When the GEF motif of GIV was initially identified, the best
characterized cellular function of GIV was cell migration. GIV

had been shown to be required for cell motility due to regula-
tion of the actin cytoskeleton remodeling (60). Cells without
GIV showed defects in directional migration and failed to form
actin stress fibers. The observation that depletion of G�i3 or
expression of inactive G�i3 mutants phenocopied GIV deple-
tion (32) prompted the investigation of the G protein regulatory
function of GIV in this process. Cells engineered to express
exclusively GEF-deficient GIV failed to migrate, to form actin
stress fibers, and to activate pro-migratory PI3K signals via G��
(30). This was originally observed in multiple cancer cell lines
but has been subsequently demonstrated to be true for other
cell types including hepatic stellate cells (47) and kidney podo-
cytes (48). It is tempting to speculate that the G protein regula-
tory function of GIV is also required in other cell types such
as endothelial cells, leukocytes, non-transformed fibroblasts,
and smooth muscle cells, which require GIV for cell motility
(32, 40, 60).

Autophagy

The investigation of the role of GIV in autophagy was prompted
by two seemingly unconnected mechanisms of regulation of
this process. On the one hand, autophagy is well known to be
inhibited upon RTK stimulation (e.g. insulin), and on the
other hand, it has been suggested that G protein activation
may also inhibit autophagy (61, 62). GIV was found to be
required for the inhibition of autophagy upon insulin stim-
ulation, and this required an intact GEF motif (43), connect-
ing the two previously unrelated mechanisms. This is an
example of how the ability of GIV to assemble alternative G
protein signaling pathways (e.g. triggered by an RTK) helps
explain previously unappreciated mechanisms of control of
cell behavior.

Cell Survival

In certain cell types such as hepatic stellate cells (47) and
kidney podocytes (48), activation of G proteins by GIV is an
intermediate and required step in pro-survival pathways. In
these cell types, disruption of the GEF motif of GIV triggers
apoptosis, presumably also via impairment of PI3K-Akt signal-
ing. These findings not only expand the repertoire of the cellu-
lar functions of GIV but also suggest that the signaling networks
downstream of GIV may be cell-specific.

Intracellular Trafficking and Mitosis

Two independent groups initially described GIV as a pro-
tein that can localize to endomembranes (34, 35). The bio-
logical significance of this localization was substantiated by
the discovery of the role of GIV in the intracellular traffick-
ing of EGFR (36, 59). Cells expressing GIV mutants that can-
not bind G proteins accumulate EGFR in early endosomes
after ligand stimulation. As a consequence, EGFR signaling is
reprogrammed such that pro-mitotic signals (e.g. ERK) ema-
nating from endosomes are enhanced, whereas pro-migra-
tory signals at the plasma membrane (e.g. PI3K) are inhib-
ited, resulting in a faster rate of proliferation. Interestingly,
this trafficking mechanism controlled by GIV seems to be
mediated by its interaction with G�s and not with G�i (59).
Although GIV binds in vitro more robustly to G�i than to

FIGURE 3. GIV directly binds multiple ligand-activated RTKs via an
SH2-like domain in its C terminus. Top, a schematic summarizing the
sequence of events triggered by growth factors (such as EGF) is shown.
Upon ligand stimulation, RTK dimerization and autophosphorylation of
the cytoplasmic tail are triggered. Specific phosphotyrosines within the
RTK tail (e.g. Tyr-1148 and Tyr-1173 on EGFR) serve as sites for the recruit-
ment of GIV. Such recruitment requires recognition of phosphotyrosine
ligands by an �110-aa stretch within the C terminus of GIV that folds into
an SH2-like domain that stably docks onto autophosphorylated RTK tail.
Close proximity to EGFR facilitates efficient phosphorylation of GIV on
critical tyrosines that bind and activate Class 1 PI3-kinases. InsR, insulin
receptor; PDGFR, PDGF receptor; VEGFR, VEGF receptor. Bottom, molecular
modeling of the interface between the SH2 domain of GIV (red, white, and
blue) and EGFR-derived phosphotyrosine peptide (purple) corresponding
to Tyr(P)-1148 and its flanking residues, a high-affinity binding site for GIV
on the EGF receptor. The acidic, neutral, and basic potentials are displayed
in red, white, and blue, respectively. The electrostatic surface potential of
the phosphotyrosine recognition and binding pocket of the SH2 domain
of GIV is mostly basic. GIV CT, GIV C terminus.
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G�s, the functionality of the GIV-G�s complex in cells sug-
gests that this weaker interaction is sufficient to drive bio-
logical processes and/or that modifications occurring in cells
enhance the coupling of GIV to G�s. It is still not known
whether GIV acts as a GEF on G�s or has any other effect on
its intrinsic activity.

Implications of GIV and Its GEF Activity in Disease

GIV expression is dysregulated in different diseases such as can-
cer, fibrosis, and nephrotic syndrome. A common theme observed
in all these diseases is that GIV expression is up-regulated and its
coupling to G proteins triggers phenotypic changes in key cell
types that contribute to disease progression (Fig. 4).

Cancer Metastasis

The importance of GIV in cancer metastasis has been estab-
lished by us and others based on experiments carried out in
cultured cells and murine models of tumor invasion, as well as

human cancers (32, 36, 39, 45, 49, 58, 63– 67). GIV is expressed
at very low levels in non-transformed epithelial tissues, but it is
up-regulated in highly invasive cancers of many types (colon,
breast, pancreas, etc.) (32, 36, 39, 45, 49, 58, 63– 67). Consis-
tently, depletion of GIV impairs the prometastatic behavior of
invasive tumor cells in culture and cancer metastasis in murine
models (39). The differential expression of GIV in tumors is also
clinically significant because its expression serves as a bona fide
biomarker for metastasis: i.e. we and others have reported that
GIV expression in tumors in situ correlates with cancer metas-
tasis and predicts patient death in different cancers including
breast, colorectal, and esophagus, among others (58, 65– 67).
Although GIV is a multidomain protein, its GEF motif is the
critical element controlling the behavior of highly invasive
tumor cells. The mechanistic model suggested by these findings
is that up-regulation of GIV expression in advanced metastatic
cancers favors its coupling to G proteins, which in turn pro-
motes signaling hyperactivation that enhances invasiveness.

FIGURE 4. The GEF up-regulation of GIV is directly linked to multiple human diseases. A model depicting the common theme for the role of GIV in disease
(from top to bottom) is shown. Up-regulation of GIV expression promotes its coupling to G proteins and enhancement of downstream signaling events. This
altered pattern of signaling triggers phenotypic changes in key cell types, thereby contributing to disease progression. Examples of this mechanism of the
action of GIV have been described in hepatic stellate cells during liver fibrosis (47), tumor cells during metastatic progression (30, 32, 36, 58), and kidney
podocytes upon nephrotic injury (48).
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Hepatic Fibrosis

Somewhat equivalent observations have been recently reported
in liver fibrosis (47). Liver fibrosis is a multi-receptor-driven dis-
ease in which a healthy liver undergoes a “scarification” process
due to abnormal deposition of extracellular matrix components
that cause an increase in the stiffness of the tissue and eventual loss
of organ function. Although GIV expression is very low in the
healthy liver, it is dramatically up-regulated as it progresses toward
the fibrotic state. GIV expression in hepatocytes, the most abun-
dant cell type in the liver, remains undetectable, whereas it is
increased manyfold in hepatic stellate cells (47), the main cell type
responsible for driving liver fibrosis via collagen deposition among
other mechanisms. In hepatic stellate cells, the GEF function of
GIV serves as a central hub within the fibrogenic signaling network
initiated by diverse classes of receptors. GIV enhances the profi-
brotic pathways (PI3K-Akt-FoxO1 and TGF�-SMAD) and inhib-
its the anti-fibrotic pathway (cAMP-PKA-pCREB, where pCREB
indicates phosphorylated CREB) to skew the signaling network in
favor of fibrosis, all via activation of G�i (47). An aspect of this
mechanism that remains uninvestigated is the possible role of G�s
regulation by GIV in this context. As mentioned above, GIV can
bind to G�s (34, 59), although the specific consequences of this
interaction on the intrinsic activity of the G protein are known.
Considering the key role of cAMP as an anti-fibrotic signal (68–
70), modulation of G�s by GIV may have significant implications
in the progression of the disease.

Nephrotic Syndrome

A variation on the theme is found in nephrotic syndrome,
which is caused by the loss of the kidney’s filtration function. In
the normal kidney, the initial filtration step in the glomerulus is
carried out in part by a specialized cell type, the podocyte,
which forms cell interdigitations in which special cell-cell junc-
tions contribute to the filtration barrier. In the case of nephrotic
syndrome, GIV is also up-regulated, but here it serves as an
adaptive response to nephrotic injury that protects podocytes
against apoptosis (48). This contrasts with the observations in
metastasis and fibrosis, in which GIV up-regulation actually
promotes the disease progression. GIV utilizes its GEF function
to activate the pro-survival PI3K-Akt pathway in response to
VEGF and compensate for the down-regulation of this pathway
caused by the loss of nephrin during early stages of nephrosis.

Future Perspectives

The recent advances described above indicate that GIV
assembles alternative signaling pathways by perceiving cues
from different classes of receptors and relaying them via G pro-
tein activation. This mechanism is critical in the progression of
different diseases, many of which represent a huge burden for
public health. It makes a compelling argument for the further
development of the GIV-G�i interface as a novel and attractive
target for therapeutic intervention in many of these diseases.
Because GIV coupling to G proteins can promote diseases such
as metastasis and fibrosis, disruption of the GIV-G protein
interaction should prove helpful in ameliorating the clinical
outcome of these diseases. The rational design of pharmacolog-
ical agents would be greatly aided by the tractability of the
GIV-G protein interface and availability of structural detail.

Although we have focused here on describing cellular processes
and diseases for which the GEF activity of GIV has been demon-
strated to play a role, this activity may also contribute to other
processes. For example, GIV has been shown to modulate the
response of endothelial cells (38) and vascular smooth muscle cells
(40) to growth factors, contributing to the regulation of angiogen-
esis and vascular remodeling upon injury (38, 40, 71). GIV has also
been shown to be required for proper neuronal migration and
postnatal brain development (72, 73) by a mechanism involving
GIV-dependent activation of Akt (37). Although it is tempting to
speculate that the GEF activity of GIV may contribute to these
processes, further investigation in these areas is needed to clarify
its involvement.

Despite the progress made, a number of questions still
remain open. For example, does GIV mediate G protein activa-
tion downstream of additional classes of surface receptors, or
are additional biological processes controlled by GIV? Neither
of these possibilities seems impossible or far-fetched consider-
ing the wide spectrum of receptors already described to utilize
GIV as a convergence platform (Fig. 2) for transactivation of G
protein signaling. A related complexity resides in the fact that
we do not fully understand how GIV can couple to such a
diverse group of surface receptors. Although the molecular
coupling to RTKs has been studied in more detail, it is challeng-
ing, but not impossible, to envision a common theme in the
mechanism by which GIV couples to other receptor subclasses.
One possibility is that different molecular mechanisms have
evolved to allow the integration of GIV into different signaling
pathways. For example, with regard to GPCRs, one could envi-
sion several models by which GIV could contribute to en-
hanced G protein activation using mechanisms that are similar
to that shown in the case of class II AGS proteins (7). This class
of accessory proteins in G protein signaling is proposed to asso-
ciate with G�i subunits after GPCR activation but before reas-
sociation with G�� (7), which leads to prolonged signaling via
“free” G��. Such a mode of action would be compatible with
GIV. Another proposed model (7) is that AGS-G protein com-
plexes are direct substrates for GPCRs. One could speculate
that analogous GIV-G protein complexes could also be sub-
strates for GPCRs and thereby contribute to overall G protein
activation by GPCRs.

Another important question that has been explored only tan-
gentially is whether other proteins contain a GEF sequence similar
to that found in GIV. There is evidence supporting this notion
because Calnuc and NUCB2, two proteins sharing significant
sequence similarity, have been described to possess a “G� binding
and activating” (GBA) motif similar to the GEF sequence found in
GIV (74). Although this GBA motif in Calnuc and NUCB2 is
required for binding to G proteins and can promote modest acti-
vation of G�i subunits in vitro, it is still unknown what biological
functions it may have. Future efforts trying to systematically iden-
tify “GBA proteins” and characterize their biological functions
would lead us close to answering exciting questions related to the
generality of this mechanism of signal transduction, its implica-
tions in controlling cell behavior, and the suitability of these GBA
proteins as potential therapeutic targets.

MINIREVIEW: GIV-mediated Signaling Impacts Disease Progression

6702 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 11 • MARCH 13, 2015



REFERENCES
1. Gilman, A. G. (1987) G proteins: transducers of receptor-generated sig-

nals. Annu. Rev. Biochem. 56, 615– 649
2. Morris, A. J., and Malbon, C. C. (1999) Physiological regulation of G pro-

tein-linked signaling. Physiol. Rev. 79, 1373–1430
3. Hopkins, A. L., and Groom, C. R. (2002) The druggable genome. Nat. Rev.

Drug Discov. 1, 727–730
4. Sato, M., Blumer, J. B., Simon, V., and Lanier, S. M. (2006) Accessory

proteins for G proteins: partners in signaling. Annu. Rev. Pharmacol. Toxi-
col. 46, 151–187

5. Siderovski, D. P., and Willard, F. S. (2005) The GAPs, GEFs, and GDIs of
heterotrimeric G-protein � subunits. Int. J. Biol. Sci. 1, 51– 66

6. Ross, E. M., and Wilkie, T. M. (2000) GTPase-activating proteins for het-
erotrimeric G proteins: regulators of G protein signaling (RGS) and RGS-
like proteins. Annu. Rev. Biochem. 69, 795– 827

7. Blumer, J. B., Oner, S. S., and Lanier, S. M. (2012) Group II activators of
G-protein signalling and proteins containing a G-protein regulatory mo-
tif. Acta Physiol. (Oxf.) 204, 202–218

8. De Vries, L., Zheng, B., Fischer, T., Elenko, E., and Farquhar, M. G. (2000)
The regulator of G protein signaling family. Annu. Rev. Pharmacol. Toxi-
col. 40, 235–271

9. Watson, N., Linder, M. E., Druey, K. M., Kehrl, J. H., and Blumer, K. J.
(1996) RGS family members: GTPase-activating proteins for heterotrim-
eric G-protein �-subunits. Nature 383, 172–175

10. Berman, D. M., Wilkie, T. M., and Gilman, A. G. (1996) GAIP and RGS4
are GTPase-activating proteins for the Gi subfamily of G protein � sub-
units. Cell 86, 445– 452

11. De Vries, L., Elenko, E., Hubler, L., Jones, T. L., and Farquhar, M. G. (1996)
GAIP is membrane-anchored by palmitoylation and interacts with the
activated (GTP-bound) form of G�i subunits. Proc. Natl. Acad. Sci. U.S.A.
93, 15203–15208

12. De Vries, L., Fischer, T., Tronchère, H., Brothers, G. M., Strockbine, B.,
Siderovski, D. P., and Farquhar, M. G. (2000) Activator of G protein sig-
naling 3 is a guanine dissociation inhibitor for G�i subunits. Proc. Natl.
Acad. Sci. U.S.A. 97, 14364 –14369

13. Peterson, Y. K., Bernard, M. L., Ma, H., Hazard, S., 3rd, Graber, S. G., and
Lanier, S. M. (2000) Stabilization of the GDP-bound conformation of Gi�

by a peptide derived from the G-protein regulatory motif of AGS3. J. Biol.
Chem. 275, 33193–33196

14. Bernard, M. L., Peterson, Y. K., Chung, P., Jourdan, J., and Lanier, S. M.
(2001) Selective interaction of AGS3 with G-proteins and the influence of
AGS3 on the activation state of G-proteins. J. Biol. Chem. 276, 1585–1593

15. Natochin, M., Lester, B., Peterson, Y. K., Bernard, M. L., Lanier, S. M., and
Artemyev, N. O. (2000) AGS3 inhibits GDP dissociation from G� sub-
units of the Gi family and rhodopsin-dependent activation of transducin.
J. Biol. Chem. 275, 40981– 40985

16. Kimple, R. J., Kimple, M. E., Betts, L., Sondek, J., and Siderovski, D. P.
(2002) Structural determinants for GoLoco-induced inhibition of nucle-
otide release by G� subunits. Nature 416, 878 – 881

17. Peterson, Y. K., Hazard, S., 3rd, Graber, S. G., and Lanier, S. M. (2002)
Identification of structural features in the G-protein regulatory motif re-
quired for regulation of heterotrimeric G-proteins. J. Biol. Chem. 277,
6767– 6770

18. De Vries, L., Mousli, M., Wurmser, A., and Farquhar, M. G. (1995) GAIP,
a protein that specifically interacts with the trimeric G protein G�i3, is a
member of a protein family with a highly conserved core domain. Proc.
Natl. Acad. Sci. U.S.A. 92, 11916 –11920

19. Druey, K. M., Blumer, K. J., Kang, V. H., and Kehrl, J. H. (1996) Inhibition
of G-protein-mediated MAP kinase activation by a new mammalian gene
family. Nature 379, 742–746

20. Srinivasa, S. P., Watson, N., Overton, M. C., and Blumer, K. J. (1998)
Mechanism of RGS4, a GTPase-activating protein for G protein � sub-
units. J. Biol. Chem. 273, 1529 –1533

21. Blazer, L. L., Roman, D. L., Chung, A., Larsen, M. J., Greedy, B. M., Hus-
bands, S. M., and Neubig, R. R. (2010) Reversible, allosteric small-molecule
inhibitors of regulator of G protein signaling proteins. Mol. Pharmacol.
78, 524 –533

22. Kimple, A. J., Yasgar, A., Hughes, M., Jadhav, A., Willard, F. S., Muller,
R. E., Austin, C. P., Inglese, J., Ibeanu, G. C., Siderovski, D. P., and Sime-
onov, A. (2008) A high throughput fluorescence polarization assay for
inhibitors of the GoLoco motif/G-� interaction. Comb Chem. High
Throughput Screen. 11, 396 – 409

23. Cismowski, M. J., Ma, C., Ribas, C., Xie, X., Spruyt, M., Lizano, J. S., Lanier,
S. M., and Duzic, E. (2000) Activation of heterotrimeric G-protein signal-
ing by a ras-related protein: implications for signal integration. J. Biol.
Chem. 275, 23421–23424

24. Tall, G. G., Krumins, A. M., and Gilman, A. G. (2003) Mammalian Ric-8A
(synembryn) is a heterotrimeric G� protein guanine nucleotide exchange
factor. J. Biol. Chem. 278, 8356 – 8362

25. Chan, P., Gabay, M., Wright, F. A., and Tall, G. G. (2011) Ric-8B is a
GTP-dependent G protein �s guanine nucleotide exchange factor. J. Biol.
Chem. 286, 19932–19942

26. Lee, M. J., and Dohlman, H. G. (2008) Coactivation of G protein signaling
by cell-surface receptors and an intracellular exchange factor. Curr. Biol.
18, 211–215

27. Natochin, M., Campbell, T. N., Barren, B., Miller, L. C., Hameed, S., Arte-
myev, N. O., and Braun, J. E. (2005) Characterization of the G�s regulator
cysteine string protein. J. Biol. Chem. 280, 30236 –30241

28. Vaidyanathan, G., Cismowski, M. J., Wang, G., Vincent, T. S., Brown,
K. D., and Lanier, S. M. (2004) The Ras-related protein AGS1/RASD1
suppresses cell growth. Oncogene 23, 5858 –5863

29. Tõnissoo, T., Lulla, S., Meier, R., Saare, M., Ruisu, K., Pooga, M., and Karis,
A. (2010) Nucleotide exchange factor RIC-8 is indispensable in mamma-
lian early development. Dev. Dyn. 239, 3404 –3415

30. Garcia-Marcos, M., Ghosh, P., and Farquhar, M. G. (2009) GIV is a non-
receptor GEF for G�i with a unique motif that regulates Akt signaling.
Proc. Natl. Acad. Sci. U.S.A. 106, 3178 –3183

31. Enomoto, A., Murakami, H., Asai, N., Morone, N., Watanabe, T., Kawai,
K., Murakumo, Y., Usukura, J., Kaibuchi, K., and Takahashi, M. (2005)
Akt/PKB regulates actin organization and cell motility via Girdin/APE.
Dev. Cell 9, 389 – 402

32. Ghosh, P., Garcia-Marcos, M., Bornheimer, S. J., and Farquhar, M. G.
(2008) Activation of G�i3 triggers cell migration via regulation of GIV.
J. Cell Biol. 182, 381–393

33. Anai, M., Shojima, N., Katagiri, H., Ogihara, T., Sakoda, H., Onishi, Y.,
Ono, H., Fujishiro, M., Fukushima, Y., Horike, N., Viana, A., Kikuchi, M.,
Noguchi, N., Takahashi, S., Takata, K., Oka, Y., Uchijima, Y., Kurihara, H.,
and Asano, T. (2005) A novel protein kinase B (PKB)/AKT-binding pro-
tein enhances PKB kinase activity and regulates DNA synthesis. J. Biol.
Chem. 280, 18525–18535

34. Le-Niculescu, H., Niesman, I., Fischer, T., DeVries, L., and Farquhar,
M. G. (2005) Identification and characterization of GIV, a novel G�i/s-
interacting protein found on COPI, endoplasmic reticulum-Golgi trans-
port vesicles. J. Biol. Chem. 280, 22012–22020

35. Simpson, F., Martin, S., Evans, T. M., Kerr, M., James, D. E., Parton, R. G.,
Teasdale, R. D., and Wicking, C. (2005) A novel Hook-related protein
family and the characterization of Hook-related protein 1. Traffic 6,
442– 458

36. Ghosh, P., Beas, A. O., Bornheimer, S. J., Garcia-Marcos, M., Forry, E. P.,
Johannson, C., Ear, J., Jung, B. H., Cabrera, B., Carethers, J. M., and Farqu-
har, M. G. (2010) A G�i-GIV molecular complex binds epidermal growth
factor receptor and determines whether cells migrate or proliferate. Mol.
Biol. Cell 21, 2338 –2354

37. Kim, J. Y., Duan, X., Liu, C. Y., Jang, M. H., Guo, J. U., Pow-anpongkul, N.,
Kang, E., Song, H., and Ming, G. L. (2009) DISC1 regulates new neuron
development in the adult brain via modulation of AKT-mTOR signaling
through KIAA1212. Neuron 63, 761–773

38. Kitamura, T., Asai, N., Enomoto, A., Maeda, K., Kato, T., Ishida, M., Jiang,
P., Watanabe, T., Usukura, J., Kondo, T., Costantini, F., Murohara, T., and
Takahashi, M. (2008) Regulation of VEGF-mediated angiogenesis by the
Akt/PKB substrate Girdin. Nat. Cell Biol. 10, 329 –337

39. Jiang, P., Enomoto, A., Jijiwa, M., Kato, T., Hasegawa, T., Ishida, M., Sato,
T., Asai, N., Murakumo, Y., and Takahashi, M. (2008) An actin-binding
protein Girdin regulates the motility of breast cancer cells. Cancer Res. 68,
1310 –1318

MINIREVIEW: GIV-mediated Signaling Impacts Disease Progression

MARCH 13, 2015 • VOLUME 290 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 6703



40. Miyake, H., Maeda, K., Asai, N., Shibata, R., Ichimiya, H., Isotani-Sakak-
ibara, M., Yamamura, Y., Kato, K., Enomoto, A., Takahashi, M., and Mu-
rohara, T. (2011) The actin-binding protein Girdin and its Akt-mediated
phosphorylation regulate neointima formation after vascular injury. Circ.
Res. 108, 1170 –1179

41. Weng, L., Enomoto, A., Ishida-Takagishi, M., Asai, N., and Takahashi, M.
(2010) Girding for migratory cues: roles of the Akt substrate Girdin in
cancer progression and angiogenesis. Cancer Sci. 101, 836 – 842

42. Johnston, C. A., Willard, F. S., Jezyk, M. R., Fredericks, Z., Bodor, E. T.,
Jones, M. B., Blaesius, R., Watts, V. J., Harden, T. K., Sondek, J., Ramer,
J. K., and Siderovski, D. P. (2005) Structure of G�i1 bound to a GDP-
selective peptide provides insight into guanine nucleotide exchange.
Structure 13, 1069 –1080

43. Garcia-Marcos, M., Ear, J., Farquhar, M. G., and Ghosh, P. (2011) A GDI
(AGS3) and a GEF (GIV) regulate autophagy by balancing G protein ac-
tivity and growth factor signals. Mol. Biol. Cell 22, 673– 686

44. Garcia-Marcos, M., Ghosh, P., Ear, J., and Farquhar, M. G. (2010) A struc-
tural determinant that renders G�i sensitive to activation by GIV/Girdin is
required to promote cell migration. J. Biol. Chem. 285, 12765–12777

45. Garcia-Marcos, M., Kietrsunthorn, P. S., Pavlova, Y., Adia, M. A., Ghosh,
P., and Farquhar, M. G. (2012) Functional characterization of the guanine
nucleotide exchange factor (GEF) motif of GIV protein reveals a threshold
effect in signaling. Proc. Natl. Acad. Sci. U.S.A. 109, 1961–1966

46. Coleman, D. E., Berghuis, A. M., Lee, E., Linder, M. E., Gilman, A. G., and
Sprang, S. R. (1994) Structures of active conformations of Gi�1 and the
mechanism of GTP hydrolysis. Science 265, 1405–1412

47. Lopez-Sanchez, I., Dunkel, Y., Roh, Y. S., Mittal, Y., De Minicis, S., Mu-
ranyi, A., Singh, S., Shanmugam, K., Aroonsakool, N., Murray, F., Ho, S. B.,
Seki, E., Brenner, D. A., and Ghosh, P. (2014) GIV/Girdin is a central hub
for profibrogenic signalling networks during liver fibrosis. Nat. Commun.
5, 4451

48. Wang, H., Misaki, T., Taupin, V., Eguchi, A., Ghosh, P., and Farquhar,
M. G. (2014) GIV/Girdin links vascular endothelial growth factor signal-
ing to Akt survival signaling in podocytes independent of nephrin. J. Am.
Soc. Nephrol.10.1681/ASN.2013090985

49. Dunkel, Y., Ong, A., Notani, D., Mittal, Y., Lam, M., Mi, X., and Ghosh, P.
(2012) STAT3 protein up-regulates G�-interacting vesicle-associated
protein (GIV)/Girdin expression, and GIV enhances STAT3 activation in
a positive feedback loop during wound healing and tumor invasion/me-
tastasis. J. Biol. Chem. 287, 41667– 41683

50. Wang, L., Guo, D., Xing, B., Zhang, J. J., Shu, H. B., Guo, L., and Huang,
X. Y. (2011) Resistance to inhibitors of cholinesterase-8A (Ric-8A) is crit-
ical for growth factor receptor-induced actin cytoskeletal reorganization.
J. Biol. Chem. 286, 31055–31061

51. Xing, B., Wang, L., Guo, D., Huang, J., Espenel, C., Kreitzer, G., Zhang, J. J.,
Guo, L., and Huang, X. Y. (2013) Atypical protein kinase C� is critical for
growth factor receptor-induced dorsal ruffle turnover and cell migration.
J. Biol. Chem. 288, 32827–32836

52. Thomas, C. J., Briknarová, K., Hilmer, J. K., Movahed, N., Bothner, B.,
Sumida, J. P., Tall, G. G., and Sprang, S. R. (2011) The nucleotide exchange
factor Ric-8A is a chaperone for the conformationally dynamic nucle-
otide-free state of G�i1. PLoS One 6, e23197

53. Gabay, M., Pinter, M. E., Wright, F. A., Chan, P., Murphy, A. J., Valenzuela,
D. M., Yancopoulos, G. D., and Tall, G. G. (2011) Ric-8 proteins are mo-
lecular chaperones that direct nascent G protein � subunit membrane
association. Sci. Signal. 4, ra79

54. Chan, P., Thomas, C. J., Sprang, S. R., and Tall, G. G. (2013) Molecular
chaperoning function of Ric-8 is to fold nascent heterotrimeric G protein
� subunits. Proc. Natl. Acad. Sci. U.S.A. 110, 3794 –3799

55. Papasergi, M. M., Patel, B. R., and Tall, G. G. (2015) The G protein �
chaperone Ric-8 as a potential therapeutic target. Mol. Pharmacol. 87,
52– 63

56. Tall, G. G., Patel, B. R., and Chan, P. (2013) Ric-8 folding of G proteins
better explains Ric-8 apparent amplification of G protein-coupled recep-
tor signaling. Proc. Natl. Acad. Sci. U.S.A. 110, E3148

57. Lin, C., Ear, J., Midde, K., Lopez-Sanchez, I., Aznar, N., Garcia-Marcos,

M., Kufareva, I., Abagyan, R., and Ghosh, P. (2014) Structural basis for
activation of trimeric Gi proteins by multiple growth factor receptors via
GIV/Girdin. Mol. Biol. Cell 25, 3654 –3671

58. Garcia-Marcos, M., Jung, B. H., Ear, J., Cabrera, B., Carethers, J. M., and
Ghosh, P. (2011) Expression of GIV/Girdin, a metastasis-related protein,
predicts patient survival in colon cancer. FASEB J. 25, 590 –599

59. Beas, A. O., Taupin, V., Teodorof, C., Nguyen, L. T., Garcia-Marcos, M.,
and Farquhar, M. G. (2012) G�s promotes EEA1 endosome maturation
and shuts down proliferative signaling through interaction with GIV (Gir-
din). Mol. Biol. Cell 23, 4623– 4634

60. Enomoto, A., Ping, J., and Takahashi, M. (2006) Girdin, a novel actin-
binding protein, and its family of proteins possess versatile functions in the
Akt and Wnt signaling pathways. Ann. N.Y. Acad. Sci. 1086, 169 –184

61. Ogier-Denis, E., Couvineau, A., Maoret, J. J., Houri, J. J., Bauvy, C., De
Stefanis, D., Isidoro, C., Laburthe, M., and Codogno, P. (1995) A hetero-
trimeric Gi3-protein controls autophagic sequestration in the human co-
lon cancer cell line HT-29. J. Biol. Chem. 270, 13–16

62. Ogier-Denis, E., Houri, J. J., Bauvy, C., and Codogno, P. (1996) Guanine
nucleotide exchange on heterotrimeric Gi3 protein controls autophagic
sequestration in HT-29 cells. J. Biol. Chem. 271, 28593–28600

63. Ghosh, P., Garcia-Marcos, M., and Farquhar, M. G. (2011) GIV/Girdin is
a rheostat that fine-tunes growth factor signals during tumor progression.
Cell Adh. Migr. 5, 237–248

64. Jun, B. Y., Kim, S. W., Jung, C. K., Cho, Y. K., Lee, I. S., Choi, M. G., Choi,
K. Y., and Oh, S. T. (2013) Expression of Girdin in human colorectal
cancer and its association with tumor progression. Dis. Colon Rectum 56,
51–57

65. Ling, Y., Jiang, P., Cui, S. P., Ren, Y. L., Zhu, S. N., Yang, J. P., Du, J., Zhang,
Y., Liu, J. Y., and Zhang, B. (2011) Clinical implications for Girdin protein
expression in breast cancer. Cancer Invest. 29, 405– 410

66. Liu, C., Xue, H., Lu, Y., and Chi, B. (2012) Stem cell gene Girdin: a potential
early liver metastasis predictor of colorectal cancer. Mol. Biol. Rep. 39,
8717– 8722

67. Liu, C., Zhang, Y., Xu, H., Zhang, R., Li, H., Lu, P., and Jin, F. (2012) Girdin
protein: a new potential distant metastasis predictor of breast cancer.
Med. Oncol. 29, 1554 –1560

68. Kisseleva, T., and Brenner, D. A. (2008) Mechanisms of fibrogenesis. Exp.
Biol. Med. (Maywood) 233, 109 –122

69. Swaney, J. S., Roth, D. M., Olson, E. R., Naugle, J. E., Meszaros, J. G., and
Insel, P. A. (2005) Inhibition of cardiac myofibroblast formation and col-
lagen synthesis by activation and overexpression of adenylyl cyclase. Proc.
Natl. Acad. Sci. U.S.A. 102, 437– 442

70. Solís-Herruzo, J. A., Hernández, I., De la Torre, P., García, I., Sánchez, J. A.,
Fernández, I., Castellano, G., and Muñoz-Yagüe, T. (1998) G proteins are
involved in the suppression of collagen �1(I) gene expression in cultured
rat hepatic stellate cells. Cell. Signal. 10, 173–183

71. Ito, T., Komeima, K., Yasuma, T., Enomoto, A., Asai, N., Asai, M., Iwase, S.,
Takahashi, M., and Terasaki, H. (2013) Girdin and its phosphorylation
dynamically regulate neonatal vascular development and pathological
neovascularization in the retina. Am. J. Pathol. 182, 586 –596

72. Enomoto, A., Asai, N., Namba, T., Wang, Y., Kato, T., Tanaka, M., Tat-
sumi, H., Taya, S., Tsuboi, D., Kuroda, K., Kaneko, N., Sawamoto, K.,
Miyamoto, R., Jijiwa, M., Murakumo, Y., Sokabe, M., Seki, T., Kaibuchi, K.,
and Takahashi, M. (2009) Roles of disrupted-in-schizophrenia 1-interact-
ing protein Girdin in postnatal development of the dentate gyrus. Neuron
63, 774 –787

73. Wang, Y., Kaneko, N., Asai, N., Enomoto, A., Isotani-Sakakibara, M., Kato,
T., Asai, M., Murakumo, Y., Ota, H., Hikita, T., Namba, T., Kuroda, K.,
Kaibuchi, K., Ming, G. L., Song, H., Sawamoto, K., and Takahashi, M.
(2011) Girdin is an intrinsic regulator of neuroblast chain migration in the
rostral migratory stream of the postnatal brain. J. Neurosci. 31,
8109 – 8122

74. Garcia-Marcos, M., Kietrsunthorn, P. S., Wang, H., Ghosh, P., and Farqu-
har, M. G. (2011) G protein binding sites on Calnuc (nucleobindin 1) and
NUCB2 (nucleobindin 2) define a new class of G�i-regulatory motifs.
J. Biol. Chem. 286, 28138 –28149

MINIREVIEW: GIV-mediated Signaling Impacts Disease Progression

6704 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 11 • MARCH 13, 2015



Systemic Amyloidosis: Lessons
from �2-Microglobulin*
Published, JBC Papers in Press, March 6, 2015, DOI 10.1074/jbc.R115.639799

Monica Stoppini‡ and Vittorio Bellotti‡§1

From the ‡Department of Molecular Medicine, Institute of Biochemistry,
University of Pavia, 27100 Pavia, Italy and the §Wolfson Drug Discovery
Unit, Centre for Amyloidosis and Acute Phase Proteins, Division of
Medicine, University College London, London NW3 2PF, United Kingdom

�2-Microglobulin is responsible for systemic amyloidosis
affecting patients undergoing long-term hemodialysis. Its
genetic variant D76N causes a very rare form of familial systemic
amyloidosis. These two types of amyloidoses differ significantly
in terms of the tissue localization of deposits and for major path-
ological features. Considering how the amyloidogenesis of the
�2-microglobulin mechanism has been scrutinized in depth for
the last three decades, the comparative analysis of molecular
and pathological properties of wild type �2-microglobulin and
of the D76N variant offers a unique opportunity to critically
reconsider the current understanding of the relation between
the protein’s structural properties and its pathologic behavior.

In 1984, George Glenner and Caine Wong (1) provided the
first chemical evidence that Alzheimer disease amyloid plaques
were constituted by �-amyloid protein. The following year, the
Biochem. Biophys. Res. Commun. study by the Fumitake Gejyo
group (2) followed shortly after by the J. Clin. Invest. study by
the Peter Gorevic and Blas Frangione team (3) both showed that
the constituent of amyloid deposits of patients treated with
chronic hemodialysis was the protein �2-microglobulin (�2-
m).2 The further demonstration that the formation of amyloid
required a persistently high plasma concentration of �2-m (4)
was a clear proof that a critical concentration of a protein pre-
cursor is required for priming the formation of amyloid fibrils.
Hence, the early biochemical characterization clearly showed
that full-length non-mutated �2-m was abundantly present in
natural amyloid fibrils (5). Further biochemical studies were
carried out by Reynold Linke et al. (6) on different types of
tissues, which included specimens of the carpal tunnel, as well
as specimens derived from bone fractures caused by amyloid

deposits and even urinary stones. From these studies emerged
that in all natural amyloid deposits, the truncated species of
�2-m lacking the six N-terminal residues was significantly rep-
resented (7). No other major post-translational modifications
are apparently present in natural fibrillar �2-m. In amyloid
deposits, the presence of the protein precursor’s fragments is
quite common. The truncation of extensive portions of the con-
stant region is common in amyloidogenic light chains. Natural
fibrils of apolipoprotein A-I mainly contain the N-terminal
polypeptide corresponding to the first 100 residues, and the
presence of transthyretin (TTR) fragments can be considered
almost a hallmark of the cardiac involvement in TTR amyloi-
dosis (8). The biochemical characterization of �2-m natural
amyloid fibrils highlighted the co-deposition of other macro-
molecules. Some of them, such as serum amyloid P component
(SAP) and glycosaminoglycans (GAGs), are generic co-constit-
uents of all types of systemic amyloidosis (9, 10), but a few are
apparently specifically associated with the �2-m-related form.
In an ante litteram proteomic study, Campistol et al. (11, 12)
showed that several anti-proteases are co-deposited in �2-m
natural fibrils and that the presence of �2-macroglobulin
(�2-M) is particularly abundant. It is worth noting that a spe-
cific complex between �2-M and �2-m also circulates in the
plasma of hemodialysis patients (13). In 2012, the first natural
variant of �2-m was discovered in a French family where all the
heterozygous carriers of the mutation presented a multi-vis-
ceral amyloid deposit (14). Liver, kidney, and heart were all
involved, but unexpectedly, bones and ligaments were not
affected. This finding was quite surprising in terms of the
known tropism of the WT �2-m for the muscle-skeletal system.
Another unexpected finding was the absence of WT �2-m in
the deposits, although its intrinsic amyloidogenic propensity is
well established. Equally surprising was the absence of N-ter-
minal truncated species, which are ubiquitous constituents of
�2-m amyloid deposits in dialysis-related amyloidosis (DRA).

In the last two decades, the molecular characterization of
amyloid deposits caused by WT �2-m in patients under hemo-
dialysis, and more recently the molecular and pathological fea-
tures of the familial form of �2-m, have stimulated seminal
studies on the molecular basis of the amyloidogenesis of glob-
ular proteins in vivo, moving from totally artificial conditions to
more bio-compatible methods (Table 1). These studies have
provided new insights on the molecular basis of the intrinsic
predisposition to amyloid conversion and on the identification
of the physical-chemical conditions suitable in vivo to prime the
conformational transition, as well as some clues on the mecha-
nism responsible for the selective tissue targeting of amyloid
deposits in systemic amyloidosis.

�2-m Fibrillogenesis in Vitro

The first successful attempt to obtain the fibrillar conversion
of native �2-m was achieved by Connors et al. (15) immediately
after the identification of �2-m as the causative protein of DRA.
This first method was based on the minimization of ion
strength and on the maximal increase of �2-m concentration.
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Although the yield was quite low, the study provided the first
demonstration that globular �2-m can be converted into fibrils
in vitro and that the concentration represents a crucial condi-
tion. A more efficient method of �2-m fibrillogenesis was intro-
duced in 1997 by Naiki et al. (16). In this case, the massive
conversion of �2-m into fibrils was primed by the presence of
seeds of natural fibrils and required a very low pH. This method
highlighted how fibrillogenesis is accelerated by the presence of
fibrillar nuclei and in general how the amyloidogenesis requires
both a nucleation phase and an elongation phase. Moreover, the
low pH implied that the fibrillogenesis of the wild type required
the protein unfolding and was perfectly consistent with similar
evidences obtained in the same historical phase with other
globular amyloidogenic proteins, such as the lysozyme and
TTR variants (17, 18). Other ways to unfold the �2-m were
pursued by the Naiki group (19, 20) using SDS or trifluoroetha-
nol as mild protein denaturants. The possibility to transform
native �2-m into fibrils led to studies aiming to monitor major
conformational changes occurring during the transition and to
identify which part of the native molecule is substantially unal-
tered within the fibrils.

The work carried out by the Goto (21) and Radford (22)
teams revealed that low pH fibrillogenesis implies massive con-
formational changes of the N-terminal and C-terminal portions
of �2-m. However, the central core of the native protein con-
strained through its single disulfide bridge is apparently sub-
stantially conserved in the fibrils. These data were consistent
with the fact that the disulfide bridge bond (residues 25– 80) is
necessary for the formation of fibrils in vitro and that when this

is reduced, the �2-m can only form amorphous aggregates (23).
Moreover, the disulfide bridge is present in natural amyloid
fibrils (24). The maintenance of the disulfide bond present in
the native protein precursors is common to other types of amy-
loidosis, and it is particularly meaningful for lysozyme fibrils,
where the four disulfide bonds of the native enzyme can be
found in the natural fibrils (17).

The structure of the natural fibrillar proteins is very inform-
ative and represents a profitable guide for designing proper
conditions of fibrillogenesis in vitro. This proposition was par-
ticularly true in relation to the evidence that truncated species
of �2-m were ubiquitously found in all the natural amyloid
deposits associated with DRA. The removal of six residues at
the N terminus of �2-m (�N6�2-m) has a massive impact on the
structure, on the stability, and on the fibrillogenic propensity of
�2-m (25). �N6�2-m rapidly forms fibrils in physiologic condi-
tions that are otherwise not permissive for full-length WT
�2-m. This most likely plays a pivotal role in the pathogenesis of
the disease, and it can be considered a natural metastable con-
former suitable for the nucleation of �2-m fibrils. �N6�2-m
rapidly forms oligomers in solution even at very low concentra-
tions, and it catalyzes the oligomerization of WT �2-m even in
a physiologic environment (26). The Radford group (27) has
extensively investigated the structural features of �N6�2-m
and its capacity to recruit the WT into amyloid fibrils. The
NMR spectra revealed a remarkable overlapping of the struc-
ture of �N6�2-m with the structure of the P32G variant that
was prepared to investigate the effect of the transition cis-trans
of Pro-32 on �2-m fibrillogenesis. When Pro-32 is in cis confor-
mation, �2-m is protected from self-aggregation, whereas the
trans conformation makes the �2-m highly susceptible to a
rapid fibrillar conversion (28, 29).

The role of selective proteolytic cleavage in amyloidogenesis
has been extensively debated. However, there are still doubts on
the timeline of the proteolytic cleavage, notably if the event
precedes the fibrillar aggregation or if it simply represents a
process of trimming of the less protected portion of the poly-
peptide cemented in the amyloid fibrils. Unequivocal demon-
stration of a pre-fibrillogenic proteolytic event is still missing;
however, it is unquestionable that selective proteolytic cleavage
mimicking that occurring in vivo has a strong enhancing
effect on the kinetics of fibril formation of �2-m and other
proteins such as TTR (30). Despite the relevance of proteo-
lytic cleavage, some types of amyloid fibrils, such as those
formed in vivo by variants of lysozyme (17) and the natural
variant of �2-m D76N (14), only contain an intact and full-
length mature protein.

The discovery that in vitro truncated �2-m can form amyloid
fibrils, in a physiologic environment, has moved the methods of
in vitro fibrillogenesis toward more bio-compatible conditions.
A successful example of a bridge between the known tropism of
�2-m for the muscle skeletal system and an in vitro method was
achieved by studying the effect of type I and type II collagen on
�2-m amyloidogenesis (31). The effect of the interaction of
�2-m with the collagen’s surface is remarkable, and Fig. 1 illus-
trates a representative image of the growth of amyloid fibrils
stemming from type I collagen fibers. The presence of �2-m
oligomers and GAGs was able to accelerate the process of the

TABLE 1
Summary of the different methods reported in literature to generate
�2-m amyloid fibrils in vitro

Experimental conditions Reference

50 mM sodium citrate, pH 2.5–4, 37 °C 16
100 �M �2-m in the presence of seeds
50 mM sodium citrate, 100 mM NaCl, pH 2.5, 37 °C 58
100 �M �2-m
50 mM sodium citrate, pH 6.5, 37 °C 25
100 �M �N6�2-m in the presence of seeds
50 mM sodium citrate, pH 7.3, 37 °C 35
100 �M refolding intermediate in the presence of seeds
50 mM sodium phosphate, 100 mM NaCl, pH 7.4, 0.5% SDS,

37 °C
19

25 �M �2-m in the presence of seeds
50 mM sodium phosphate, 100 mM NaCl, pH 7.4, 20%

TFE,a 37 °C
20

100 �M �2-m in the presence of heparin-stabilized seeds
25 mM sodium phosphate, pH7.0, 37 °C, stirring at 250 rpm 28
40 �M �2-m in the presence of heparin, SAP,b

apolipoprotein E-stabilized seeds
50 mM ammonium acetate, pH 6.4, 20 �M heparin, fibrillar

collagen type I, 37–40 °C
31, 32

40–50 �M �2-m
1 M NaCl, pH 7.5, 37 °C, 24 h stirring, incubation without

agitation for 25�45 days
59

30–60 �M �2-m
1 M NaCl, pH 7.5, 60–70 °C, 24 h stirring 60
40–80 �M �2-m
25 mM sodium phosphate, pH 7.4, 37 °C, stirring at 1500

rpm
40

40 �M D76N �2-m
a TFE, trifluoroethanol.
b SAP, serum amyloid P component.
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amyloid grown on the collagen surface. This confirmed the
generic pro-amyloidogenic effect played by the aforementioned
components in fibrillogenesis (32). However, despite the
growth of fibrils on the collagen surface, in the absence of fluid
flow, the majority of the bulk of WT �2-m in solution was not
converted into fibrils on a time scale of several days.

�2-m, similar to many other globular amyloidogenic pro-
teins, displays a strong propensity to spontaneously aggregate
into soluble oligomers; in particular, �2-m does so in the phys-
iologic buffer (26, 28, 33). It is likely that the oligomerization is
mainly primed by a small population of partially folded con-
formers in equilibrium with the fully folded protein. NMR stud-
ies, molecular dynamic simulation, capillary electrophoresis,
and spectroscopic analysis highlighted the existence of a par-
tially folded intermediate, initially named I2 (34, 35), in which
specific regions of the molecule exhibit a very high flexibility and
rapid structural fluctuations (36). The fluctuation toward a par-
tially folded state is probably dictated by the peculiar dynamics of
the loop interconnecting the strands D and E. This loop is partic-
ularly unstable, most likely due to the presence of a tryptophan
(Trp-60) in the center of the loop (37, 38) (Fig. 2).

Remarkably, despite an unfavorable thermodynamic effect, a
Trp is present in this position in almost all the vertebrate spe-
cies (39), and it is crucial for the proper binding of �2-m to the
heavy chain of the major histocompatibility complex class I
(MHCI). In human �2-m, the Trp-60 can therefore play two
contrasting roles: a functional physiologic contribution to
the correct assembly of the major histocompatibility com-

plex class I and a detrimental, destabilizing, and pro-amy-
loidogenic effect when the plasma concentration of �2-m is
persistently high.

What Did the Comparison between the Amyloidogenesis
Mechanism of the Wild Type and the Rare D76N Variant
Reveal?

Elucidation of the molecular mechanisms of rare diseases can
promote crucial progress in the interpretation of more general
phenomena as well as illuminating the mechanisms of common
diseases. The discovery of the rare natural amyloidogenic vari-
ant of �2-m allowed a systematic analysis of its pathological and
biochemical features as well as providing the opportunity to
correlate specific molecular characteristics of the WT and of
the variant with peculiar clinical presentations and different
pathological features of the two related types of amyloidosis.
The first, associated with hemodialysis, is caused by the persis-
tently high concentration of �2-m in plasma, and it is charac-
terized by a selective localization of amyloid in bones and liga-
ments. The genetic form is not associated with any increase of
�2-m in plasma, and the amyloid localization is mainly visceral,
involving liver, spleen, kidney, and heart, whereas, quite sur-
prisingly, bones and ligaments are spared. The original question
was: as far as this variant is concerned, which theories, hypoth-
esized to explain amyloidogenesis of WT �2-m, do remain
applicable? This question became particularly cogent once we
discovered the destabilizing effect of the mutation and the pos-
sibility to convert the D76N variant into amyloid fibrils in phys-
iologic buffer, by simply exposing the protein to fluid shear
forces in the presence of natural or artificial hydrophobic sur-
faces (40).

In WT �2-m, its intrinsic amyloidogenic propensity was
ascribed to its dynamic properties, particularly evident in the D

FIGURE 1. Tapping mode atomic force microscopy image of �2-m amyloid
fibers in the presence of fibrillar collagen and heparin. Shown is the fibril
network connecting isolated collagen fibrils, observed after 24 h of incuba-
tion. Non-fibrillar aggregates are also present. Amplitude data: scan size, 5.7
�m. This figure was originally published in The Journal of Biological Chemistry
(Relini, A., De Stefano, S., Torrassa, S., Cavalleri, O., Rolandi, R., Gliozzi, A., Gior-
getti, S., Raimondi, S., Marchese, L., Verga, L., Rossi, A., Stoppini, M., and Bel-
lotti, V. (2008) Heparin strongly enhances the formation of �2-microglobulin
amyloid fibrils in the presence of type I collagen. J. Biol. Chem. 283, 4912–
4920. © the American Society for Biochemistry and Molecular Biology).

FIGURE 2. �2-m structure (Protein Data Bank (PDB) entry 2yxf) highlight-
ing the N-terminal peptide and three key residues: Pro-32, Trp-60, and
Asp-76. Exa N-terminal peptide, the six N-terminal residues lacking in
�N6�2-m.
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strand and in the D-E loop region, whose flexibility is propelled
by the above mentioned Trp-60 (38). The comparative mea-
surement of the folding and unfolding kinetics as well as of the
native protein’s unfolding free energy allowed us to establish
that �5% of WT �2-m physiologically populates a partially
folded intermediate state and that the mutation D76N causes a
5-fold enhancement of the concentration of the intermediate at
the equilibrium in the physiological buffer (40).

Therefore, a direct correlation exists between the amyloido-
genic propensity of �2-m species and the concentration of this
partially structured intermediate. The structure of this inter-
mediate was extensively investigated, but it is still elusive due to
the high conformational dynamic on a microsecond to millisec-
ond time scale. A brilliant approach to single out specific char-
acteristics of this intermediate is based on the discovery that
several structural and functional features overlap those of
�N6�2-m. A remarkable feature of both �N6�2-m and the
folding intermediate I2 is most certainly the trans conforma-
tion of the His-Pro-32 peptide bond (27). The cis-trans transi-
tion is crucial for the fibrillogenesis, and it is a hallmark of the
fibrillar state (41, 42).

Although the amyloidogenic potential of the two �2-m spe-
cies (WT and D76N) is in agreement with the concentration of
the partially folded state at the equilibrium, a major and pecu-
liar difference emerges from the clinical/pathological features
of the two types of amyloidoses: notably, the localization in
bones and ligaments of the WT and the visceral localization of
the D76N. The amyloid deposition in bones is quite rare in
other systemic amyloidoses, but it is an unavoidable complica-
tion of DRA. The specific localization in bones and ligaments of
the amyloidosis caused by hemodialysis was ascribed to a pecu-
liar affinity of �2-m for type I and type II collagen. Nonetheless,
the measurement of the affinity constant of �2-m for collagen
revealed a weak Kd of �1 � 10�4 M (43). It is plausible to believe
that preferential accumulation of �2-m in collagen becomes
significant only for the micromolar concentration during
hemodialysis, whereas it does not become so in physiological
sub-micromolar concentrations. Furthermore, it is likely that
in DRA, the truncated �N6�2-m species, which has a 10-fold
higher affinity to the full-length WT for collagen (43), is a
potent promoter of amyloidogenesis on the collagen surface
and that this is present only in the amyloid deposits localized in
bones and ligaments. The latter suggests that a protease, well
represented in the aforementioned tissues, could cleave �2-m
in its first strand, consequentially accelerating the local accu-
mulation of this conformer, which is then rapidly followed by
its fibrillar aggregation.

The mechanism by which collagen facilitates the amyloido-
genesis of �2-m is uncertain. Collagen offers wide hydrophobic
surfaces, and it is known that the flow of a physiologic fluid, at
the interface between polar and hydrophobic surfaces, can gen-
erate sufficient forces to partially or totally unfold a globular
protein (44). Hydrodynamic shear stress alone can generate
forces that can be quantified through the equation

T � Fs/A � � � �dv/dx� (Eq. 1)

where T represents the shear stress, Fs the shear force, A is the
cross-sectional area of the molecule, � is the dynamic viscosity

of the fluid, and dv/dx is the shear rate, which is the fluid veloc-
ity gradient.

However, the hydrophobic forces (FHydro) acting on the mol-
ecule in the extracellular space play a dominant role in the pro-
tein destabilization, and they can be calculated according to
Mangione et al. (40) through the equation.

FHydro � ���EHydro/�d� � ��2 � Y �a � a0�

� exp��d/Dhydro��/Dhydro (Eq. 2)

where EHydro represents the hydrophobic interaction energies
between two apolar surfaces, Y is the interfacial tension, d is the
distance between the two surfaces, a is the exposed area of the
molecule at distance d, a0 is the optimum exposed area of
the molecule, which we consider to be equal to the area of one
amino acid, and Dhydro is the hydrophobic decay length.

We hypothesize that, in the extracellular matrix in the very
thin fluid space at the interface between hydrophobic surfaces
and the interstitial fluid, the amyloidogenic proteins could par-
tially unfold and expose normally buried hydrophobic patches.
These partially folded conformers could locally accumulate and
reach a condition of supersaturation (Fig. 3). Such a state is
extremely unstable, and several events can break solubility,
leading to protein precipitation. Although the shear flow of the
fluid is not per se sufficient to unfold globular proteins, it may
play a fundamental role in breaking the condition of supersat-
uration. In fact, in conditions of supersaturation, the intensity
of shear flow inversely correlates to the lag phase of �2-m fibril-
logenesis (45). All these data suggest that the concentration of
�2-m and its level of thermodynamic stability could direct the
amyloid formation in two distinct tissue targets. In conditions
of high concentration, but relatively good thermodynamic sta-
bility, the amyloid is deposited in bones and ligament. When
plasma concentration is low, implying a negligible accumula-
tion of �2-m on the collagen surface, bones and ligaments are
spared. If a mutation reduces the stability of �2-m (i.e. D76N
mutation), the shear stress in the extracellular matrix of visceral
organs such as liver, spleen, kidney, and heart is sufficient to
unfold the unstable variant and prime a cascade of events as
represented in Fig. 3. It is worth noting that the amyloid depos-
its of patients heterozygous for the mutation D76N do not con-
tain the WT �2-m. However, in vitro, once D76N fibrils are
formed, shear stress, generated by the dynamics of a physiologic
fluid and the exposure to hydrophobic surface of biological
molecules, can also prime amyloidogenesis of WT �2-m (40).
These findings are apparently incompatible, but let us grasp the
complexity of amyloidogenesis in vivo. The demonstration that,
in the presence of a generic extracellular chaperone such as �B
crystallin, even in a very low molar ratio, the WT �2-m becomes
resistant to the fibrillar conversion induced by the D76N fibrils
(40) suggests that in vivo factors such as chaperones can mod-
ulate the amyloidogenesis of WT proteins.

The Existence of Natural Factors Modulating
Amyloidogenesis

The discovery that forces physiologically harboring the
human tissues are sufficient to prime the protein unfolding and
fibrillogenesis (44) sheds light on the pathophysiology of amy-
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loid formation. However, a deep gap still exists between the in
vitro and in vivo conditions of protein amyloidogenesis. The in
vitro investigation usually concerns the transition of an isolated
and homogeneous molecule, but in vivo the amyloidogenic pro-
tein interplays with a variety of other chemical entities and
peculiar physical environments. In vivo an equilibrium exists
between pro-fibrillogenic and anti-fibrillogenic factors. In the
interstitial space, where the amyloid deposits are formed, a few
proteins could specifically influence the aggregation propensity
of amyloidogenic proteins. Albumin per se, which is present in
the interstitial space at a concentration around 10 mg/ml, can
partially inhibit the fibrillogenesis by improving the protein’s
colloidal stability. However, more specific and more effective
inhibitors of protein aggregation are present in the extracellular
space where chaperones play a rather important role (46). In
�2-m amyloidosis, the anti-fibrillogenic properties of some of
these chaperones were specifically studied, namely the �2-M
(47) and, as mentioned above, �B-crystallin (48). The mecha-
nism by which in vitro �2-M interferes with �2-m amyloidogen-
esis reveals that the most effective species is a dimeric form of
�2-M, resulting from the stress-mediated dissociation of the
tetramer. It was demonstrated that �2-M binds the unfolded
�2-m more avidly than the folded one (47). These findings sug-
gest that conditions promoting at once the unfolding of the
amyloidogenic protein as well as the structural rearrangement
of the chaperone could activate the chaperone function of
�2-M. Consistent with the in vitro and ex vivo studies, it was
also demonstrated that although �2-M inhibits �2-m aggrega-
tion, it is nonetheless unable to disaggregate mature fibrils.

Other extracellular chaperones display similar properties.
�B-crystallin is capable of inhibiting fibrillogenesis when added
in sufficient quantity to compete with the self-assembly of �2-m
variant and, as mentioned above, to dissociate the aggregation
of WT and variant (48). However, once the fibrils are formed,
chaperones, such as �2-M, are unable to solubilize the amyloid
and co-precipitate with the mature fibrils.3

The general function of extracellular chaperones in amy-
loidogenesis is well characterized in clusterin. The capacity of
clusterin to interfere with amyloid formation was not tested on
�2-m, but on apolipoprotein C-II (49), lysozyme (50), synuclein,
and other amyloidogenic proteins (51, 52). Similarly to �2-M
and crystallin, clusterin is also unable to dissociate preformed
fibrils, and it is frequently found as a bystander component of
natural amyloid fibrils.

The emerging scenario is consistent with the hypothesis
that these extracellular chaperones could perform a dual,
apparently antithetical function, notably the inhibition of
oligomerization and fibrillogenesis acting on the solubility of
partially folded intermediates as well as the stabilization of
amyloid fibrils once these are formed. The balance between
these two functions in the formation of amyloid in the nat-
ural environment is yet to be determined, but it is most prob-
ably crucial for the elucidation of the natural history of the
disease and the possible therapeutic exploitation of these
molecules.

3 V. Bellotti et al., unpublished data.

FIGURE 3. Schematic picture of the hypothetical events occurring in the interstitial space where globular soluble proteins undergo fibrillar conver-
sion. The chemical physical characteristics of the interstitial space and forces generated by the fluid flow are well reviewed by Swartz and Fleury (61). Native
globular proteins flow through a network of fibrous proteins (i.e. collagen and elastin) and GAGs. These matrix proteins expose hydrophobic patches with
which the native globular proteins collide. At the interface between the hydrophobic surface and the aqueous fluid, proteins are exposed to forces sufficient
to perturb the folded state. The exposure of normally buried hydrophobic elements further facilitates the interaction with the hydrophobic matrix, local
accumulation of partially folded globular conformers reaching a condition of supersaturation. Supersaturation is the precondition for protein aggregation and
loss of solubility. Even minimal changes in the intensity of the shear flow can break the very labile soluble state of partially folded proteins when they reach the
condition of supersaturation. If supersaturation is not reached, the simple unfolding of the proteins does not imply a fibrillar conversion and the protein can
properly refold and escape from the aggregation.

MINIREVIEW: �2-m Amyloidosis

APRIL 17, 2015 • VOLUME 290 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 9955



�2-m Pharmaceutical Interactants and Amyloidogenesis
Inhibition

Besides extracellular chaperone proteins, other compounds
can inhibit �2-m amyloidogenesis through different mecha-
nisms. As a prototype of a generic inhibitor of amyloidogenesis,
we proved that in vitro the antibiotic doxycycline can inhibit
the amyloidogenesis of WT �2-m (53), and with a similar dose,
it can affect the fibrillogenesis of the natural variant D76N.3
The main obstacle to in vivo doxycycline therapeutic efficacy
was expected to be the difficulty in obtaining a therapeutic con-
centration. However, the concentration of doxycycline in the
tissue targets proved to be much higher than in plasma (54) and
most likely sufficient to inhibit aggregation of oligomers and
�2-m toxicity. Preliminary data, obtained in the first three
patients affected by DRA and treated with doxycycline, suggest
that a therapeutic response can be achieved even with a plas-
matic concentration that is apparently insufficient to abrogate
fibrillogenesis in vitro (55). Specific small ligands of an amy-
loidogenic protein can be therapeutically used, as the ligand-
mediated stabilization can be sufficient to protect from the
unfolding and aggregation. The best example for this approach
is the stabilization of TTR through small analogues of its natu-
ral ligands (56). However, no specific small ligands with similar
properties are available for �2-m. An immunological approach,
mainly based on the use of specific antibodies, can probably be
properly pursued for this amyloidosis. We previously showed
that the specific monovalent single chain camelid antibodies
can inhibit wild type amyloidogenesis (57), and we are confirm-
ing their effect on the Asn-76 variant.3 In the absence of other
possible therapies and considering the relatively low concentra-
tion of circulating �2-m, a treatment-based antibody should be
pursued in the familial form of �2-m amyloidosis, and once its
efficacy is demonstrated, it could be extended to other forms of
systemic amyloidoses.

Concluding Remarks

The extensive research carried out on �2-m-related amyloid-
osis has substantially contributed to elucidating the general
rules dictating the amyloid conversion of globular proteins in
systemic amyloidosis. To self-aggregate into a cross-� struc-
tured fibrils, the amyloidogenic globular protein must partially
unfolded. The loss of the native structure can be primarily
caused by mutations of covalent modifications such as limited
proteolytic cleavages. WT �2-m is a paradigmatic example of
how the aggregation risk of some proteins, exposing hydropho-
bic and flexible regions for functional reasons, is controlled by
maintaining very low protein concentrations. The risk of pro-
tein aggregation becomes instead extremely high when a con-
dition of supersaturation of the partially folded intermediates
occurs in the extracellular space of the target organs. Investiga-
tions of �2-m models have provided unique new insights eluci-
dating the mechanism of selective tissue targeting in other
forms of systemic amyloidosis, where the amyloid is deposited
in organs distant from the synthesis site. The most common
forms of systemic amyloidosis, such as those caused by immu-
noglobulin light chains, TTR, lysozyme, and lipoproteins, are
prototypic examples of instances when the sites of production

and of major deposition are totally different. It is now possible
to address the crucial and challenging question of the role
played by local tissue factors in favoring and contrasting protein
aggregation. The equilibrium between these factors probably
determines the peculiar natural history of the different types of
systemic amyloidosis. It is plausible that even within the same
type of amyloid diseases, these factors will influence the precise
medical and pathologic features of the individual patient.
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Microglia, the innate immune cells of the CNS, play a pivotal
role in brain injury and disease. Microglia are extremely motile;
their highly ramified processes constantly survey the brain
parenchyma, and they respond promptly to brain damage with
targeted process movement toward the injury site. Microglia
play a key role in brain development and function by pruning
synapses during development, phagocytosing apoptotic new-
born neurons, and regulating neuronal activity by direct micro-
glia-neuron or indirect microglia-astrocyte-neuron interac-
tions, which all depend on their process motility. This review
highlights recent discoveries about microglial dynamics, focus-
ing on the receptors, ion channels, and signaling pathways
involved.

In the healthy CNS, microglia comprise up to 12% of all cells,
with highest densities found in the hippocampus, substantia
nigra, and basal ganglia (1). Microglia are brain-resident
macrophages, but originate from primitive macrophages in the
yolk sac during embryogenesis (2). During development, they
invade the brain, where they proliferate into mature cells and
form an independent population of brain immune cells, sepa-
rated from peripheral macrophages by the blood-brain barrier
(reviewed in Ref. 3). In contrast to the long-held view of micro-
glia cells as being immune-competent cells that are normally
“resting” and become activated only after brain inflammation
or neurologically related diseases, even resting microglia con-
stantly survey the brain parenchyma by sending out and
retracting highly branched fine processes. This allows them to
interact physiologically with cells in the brain parenchyma, as
well as respond promptly to brain damage or injury (4, 5) and
clear cellular debris or accumulating metabolic products by
phagocytosis (6).

Functional Roles of Microglial Surveillance of the Brain

Microglia survey the brain to detect infection or cell damage
or death (3). In addition, recent studies ascribe to microglial
cells fundamental functions in the healthy developing and adult
brain, affecting neuronal activity, synaptic connectivity, and
programmed cell death. In vivo imaging has revealed that

microglial processes do not just randomly screen the extracel-
lular space but contact neuronal somata and synapses in an
activity-dependent fashion (7, 8). Strikingly, the increased fre-
quency of such contacts with highly active neurons is homeo-
static, reducing both spontaneous and evoked neuronal activity
(9). Microglia also indirectly alter excitatory neurotransmission
by communicating with astrocytes via an ATP-dependent
mechanism (10). Neuronal activity-dependent steering of
microglia processes, furthermore, plays an important role in
eliminating excessive synapses (synaptic pruning) in the devel-
oping brain, which is crucial for the proper maturation of syn-
aptic circuits. Less active, “weaker” synapses are preferentially
targeted and engulfed by microglial processes, and then phago-
cytosed by a mechanism involving the complement system (11).
This synaptic pruning is critical for the maturation and
strengthening of glutamatergic synapses (12, 13). Microglia also
engulf and trigger apoptosis of newborn neurons, both during
development and in adulthood. This is essential for regulating
the number of neurons in the adult brain; progenitor cells pro-
duce neurons in excess, only a fraction of which mature and
become integrated into neuronal circuits (14, 15). All of these
newly discovered functions depend on the enormous process
motility of non-activated, ramified microglia and their surveil-
lance of the brain parenchyma.

In this review, we focus on the (still limited) research on
microglia in vivo, or in situ using acute brain slices or retinal
explants. This is because in vitro studies should be interpreted
with caution, due to the highly reactive nature of microglia,
which substantially alters their morphology and functional
properties when exposed to culture conditions (16). We will
compare the key features of microglial baseline surveillance and
targeted motility (chemotaxis), and then describe the receptors
and signaling pathways controlling both processes. Finally, we
will discuss gaps in our understanding and highlight likely fur-
ther research directions.

Different Modes of Microglial Motility

Microglial motility can be classified into two functionally and
mechanistically distinct modes: (i) baseline surveillance (Figs. 1
and 2), with apparently random non-directed process move-
ments, and (ii) microglia chemotaxis (Fig. 3), an “alert mode” in
response to cell or tissue damage, with highly targeted move-
ment of microglial processes toward the injury site. As we will
review in detail below, there are similarities and differences
between these two modes, as follows. First, both of these modes
depend on cytoskeletal changes arising from highly motile bun-
dles of actin filaments (17). High amounts of filamentous actin
are present in microglial cells (18), and agents blocking actin
polymerization such as cytochalasin B or latrunculin B inhibit
both microglial baseline surveillance and chemotaxis in situ
(19). Furthermore, the small Rho-GTPase Rac, a key regulator
of actin dynamics (20), is highly enriched in the motile endings
of microglial processes, and Rac down-regulation prevents
directed process movement in response to neuronal activity (9).
The remainder of this review focuses on signaling mechanisms
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upstream of the cytoskeleton. Second, the speed of process
movement is similar for both motility modes. On the other
hand, baseline surveillance operates isotropically (Figs. 1 and 2),
with process extensions and retractions in all directions,
whereas chemotaxis is anisotropic, involving retraction of pro-
cesses on one side of the microglial cell and process extension
on the other side (Fig. 3).

Microglia Chemotaxis

If freely scanning microglia detect brain damage (via activa-
tion of P2Y12 purinergic receptors or of fibrinogen-sensing
CD11b/CD18 receptors, see below), they immediately extend
processes toward the site of injury (Fig. 3), where they converge
in less than 30 min to form a spherical shield preventing further

spread of the affected area (4, 5, 19, 21). This robust chemotac-
tic response is confined to microglial processes within �50 – 80
�m from the injury, whereas the cell soma usually remains sta-
tionary over hours. The speed of process outgrowth is similar to
that occurring normally during non-targeted baseline motility.
Notably, as soon as processes start to grow toward a damaged
area, their non-directional baseline motility ceases and pro-
cesses on the other side of the soma from the damaged area
retract, suggesting that the two motility modes are exclu-
sively alternative mechanisms (19). Chemoattraction of
microglial processes by elevated concentrations of ATP (�1
mM) leaking from damaged cells was first shown in cultured
microglia (22) and confirmed in situ and in vivo (4, 5, 19, 23).
Other substances that induce microglial chemotaxis in vivo
are NO (in the white matter (24)) and fibrinogen (25), which
can leak from damaged blood vessels. In contrast to the few
in vivo studies, numerous other chemoattractants have been
shown to induce chemotaxis of cultured microglia in vitro,
including various chemokines, tissue complement, and
growth factors (26 –28).

Mechanisms Involved in Microglial Chemotaxis

Unlike “native” microglial cells in situ, which respond to che-
moattractants by sending out their processes, the less ramified
and partly activated microglia in culture instead migrate by
translocating their cell bodies (22, 28 –30). Despite these differ-
ences, in vitro studies have established a crucial role for extra-
cellular nucleotides like ATP as potent inducers of microglial
chemotaxis and provided insights into the underlying mecha-

FIGURE 1. Factors contributing to baseline surveillance. Schematic repre-
sentation illustrates the typical morphology of non-activated, ramified micro-
glial cells as seen in vivo or acutely prepared brain slices in situ.

FIGURE 2. Possible control of baseline surveillance by astrocyte ATP. Upper
panel, left: astrocytes (yellow) may tonically release ATP (blue shadow/circles)
through connexin and/or pannexin hemichannels (black squares), which sup-
ports a ramified microglial morphology and baseline surveillance. The green- and
brown-colored microglial cell illustrates its morphology at two different time
points during baseline surveillance. Upper panel, right: blockade of astrocytic
hemichannels (red crosses) or depletion of extracellular ATP by apyrase (purple
circles) induces process retraction and deramification of microglial cells and thus
leads to reduced baseline motility. Lower panel: close-up of microglial and astro-
cytic processes. Possible routes of ATP release from astrocytes include P2X recep-
tors (e.g. P2X7), connexin (Cx), or pannexin (Px) hemichannels. The released ATP
can then either directly activate microglial P2X or P2Y receptors or be degraded
via ectonucleotidases (NT) into ADP and adenosine (Ado), which may act on
microglial P2Y and P1 receptors. The precise molecular purinergic targets
involved in maintaining baseline motility are still unknown.

FIGURE 3. Signaling involved in microglial chemotaxis. The upper panel
shows a highly ramified microglial cell under physiological conditions
with low levels of ambient ATP. If microglial cells detect high levels of ATP
or NO leaking from damaged cells, or fibrinogen leaking from blood ves-
sels, they stop their baseline surveillance and send out their processes
toward the source of damage (upper right). Note the formation of bulbous
endings at the very tips of their growing processes. Lower panel: close-up
of a microglial process bulbous ending summarizing the main intracellular
signaling events. ATP, which is degraded to ADP, binds to Gi/o-coupled
metabotropic P2Y12 receptors highly expressed on microglial processes.
This leads, presumably via G protein �� subunit signaling, to the activa-
tion of PI3K and PLC accompanied by a rise of intracellular [Ca2�], which
subsequently triggers phosphorylation and hence activation of Akt (pro-
tein kinase B). This results in the enhanced expression and activation of
integrins, promoting adhesion of microglial processes to the extracellular
matrix (ECM), and causes reorganization of the actin cytoskeleton, thus
leading to cell growth and chemotaxis.
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nisms. They are, however, unsuited to studying the interactions
of microglia with the extracellular matrix and other brain cells,
which are a key feature of targeted process motility.

Purinergic Signaling Involved in Microglia Chemotaxis

Microglia in situ use ionotropic P2X and metabotropic P2Y
and P1 receptors to respond to extracellular nucleotides and
nucleosides such as ATP (P2X4, P2X7, P2Y2), ADP (P2Y12,
P2Y13), UTP (P2Y2, P2Y4), UDP (P2Y6), and adenosine (P1) (6,
23, 29, 31–35). ATP is the main nucleotide released upon tissue
injury, and the extracellular concentration reached may be
amplified by astrocytes releasing further ATP (4, 10). ATP sig-
naling is diversified by enzymatic hydrolysis; the microglia-spe-
cific membrane-bound ectonucleotidase NTPDase1 (CD39), or
the pyrophosphatase NPP1 (expressed on microglia but also on
oligodendrocyte lineage cells (36)), converts ATP and ADP into
AMP, which is then degraded into adenosine by ecto-5�-nucle-
otidases (CD73, on oligodendrocyte lineage cells (36)), whereas
tissue-nonspecific alkaline phosphatase (TNAP, mainly on
astrocytes (36)) converts ATP, ADP, and AMP into adenosine.
This generates complex purinergic signaling with cellular
effects including changes of membrane voltage, elevation of
intracellular [Ca2�], and activation of G protein-coupled sec-
ond messenger cascades.

ATP/ADP-induced chemotaxis, dependent on Gi-coupled
P2Y receptors, was first described in cultured microglia and
later in vivo (4, 22), and knock-out of ADP-activated Gi-coupled
P2Y12 greatly decreases chemotaxis (34). Expression of P2Y12
receptor protein on the surface of ramified microglia in vivo
(34) is particularly enriched at the tips of the leading processes
during chemotaxis (37). Subsequently, as activation of micro-
glia occurs, P2Y12 receptors are down-regulated, until barely
detectable 24 h after the initial damage (29, 34). Despite inhib-
iting chemotaxis, P2Y12 knock-out does not alter microglial
baseline surveillance, suggesting that distinct mechanisms reg-
ulate the two types of motility.

ATP/ADP-induced P2Y12 receptor activation leads to phos-
pholipase C (PLC)2- and [Ca2�]i-dependent phosphorylation
of the serine/threonine kinase Akt, as well as PI3K-mediated
Akt phosphorylation (Fig. 3) (38). Consistent with this sig-
naling contributing to chemotaxis, blockade of PLC or PI3K
or chelation of intracellular Ca2� with 1,2-bis(o-aminophe-
noxy)ethane-N,N,N�,N�-tetraacetic acid, acetoxymethyl ester
(BAPTA-AM) suppresses ATP/ADP-induced chemotaxis in
vitro (30, 38). In vitro, P2Y12 receptor activation also increases
expression and activation of integrin �M�1 (CD11b/CD29), a
cell adhesion molecule that mediates interactions with the
extracellular matrix (39, 40). Applying ADP to acute brain slices
caused a PLC-dependent up-regulation of �1 integrin, particu-
larly at the bulbous endings of chemotactic processes, whereas
blockade of integrin signaling abolished microglial process
extension in the presence of a tissue ADP gradient (Fig. 3) (40).
PI3K/Akt and integrins play a crucial role in actin filament
remodeling (41, 42), which presumably underlies their role in
promoting targeted microglial process motility on P2Y12 recep-
tor activation. In addition to P2Y12, P2X4 receptors might con-

tribute to ATP-evoked chemotaxis of microglia in vitro (30),
but expression of P2X4 in situ only occurs after microglial acti-
vation, not in quiescent, ramified microglia (35).

Apart from the effects of ATP or ADP, their downstream
product adenosine may contribute to microglia chemotaxis. In
cultured microglia, although chemotactic migration was not
induced by adenosine alone, it was reduced with adenosine A1
receptors blocked or knocked out, or with the ectonucleotidase
CD39 deleted (43), which seems at variance with a role only for
P2Y12 receptors in regulating chemotaxis (34). In another
study, selective P2Y12 receptor activation by 2-methylthio-
ADP led to microglial process outgrowth and migration only on
co-stimulation with adenosine, which, in contrast to the afore-
mentioned study, was attributed to adenosine acting via A3
adenosine receptors (44). However, expression of adenosine
receptors could not be detected on quiescent, ramified micro-
glia in vivo (29), unless microglia were activated by the Toll-like
receptor agonist LPS, the chemokine TNF�, or aggregated
amyloid-�, which lead (after 24 h) to up-regulation of Gs-cou-
pled A2A adenosine receptors and simultaneous down-regula-
tion of P2Y12 receptors. Strikingly, this shift of receptor expres-
sion reversed the chemotactic response to ATP in activated
microglia, triggering process retraction and even migratory
repulsion (in vitro) (29). Nevertheless, LPS-activated microglia
in vivo can still respond to laser-induced tissue damage by send-
ing out processes, despite initially responding by transiently
retracting their processes (45).

Ion Channels and Non-purinergic Signaling Involved in
Microglia Chemotaxis

While inducing microglial chemotaxis, activation of P2Y
receptors also elicits a K� current in microglia in situ. Blocking
this with the non-selective K� channel antagonist quinine
abolished chemotaxis to ATP, implying that this current is
important for ATP/ADP-mediated microglia motility (23).
However, broad-spectrum blockers of Ca2�-activated and volt-
age-gated K� channels (4-aminopyridine, tetraethylammo-
nium, and BaCl2) had no effect on laser ablation-induced
microglia chemotaxis in situ (19). Differences in the channel
selectivity of the drugs used and in the stimuli triggering che-
motaxis (ATP source versus ablation of cells releasing sub-
stances other than ATP) may underlie this difference.

Blocking volume-sensitive Cl� channels prevented microglia
chemotaxis in situ (19). Volume regulation may be essential for
microglial cell processes navigating through narrow extracellu-
lar spaces. Surprisingly, however, microglial baseline motility
was unaffected by Cl� channel blockade, indicating differential
regulation of the two types of motility (19). Volume-sensitive
Cl� channels (and channels with similar pharmacology, like
pannexins (46)) also mediate ATP release from cells (47) and, if
ATP-induced ATP release from astrocytes promotes microglial
chemotaxis by amplifying local ATP signals (4, 10), Cl� channel
blockers may inhibit chemotaxis by reducing ATP release.

In addition to ATP, NO released by tissue damage is a micro-
glial chemoattractant in spinal cord white matter in vivo, and
blocking the NO/cGMP signaling pathway inhibited the che-
motactic response to spinal cord injury (24). However, NO-
evoked chemotaxis requires some ATP/ADP to be present2 The abbreviation used is: PLC, phospholipase C.
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because depletion of extracellular nucleotides with apyrase
inhibited the response, whereas ATP still induced chemotaxis
when NO signaling was abolished (24). Thus, ATP is the more
potent chemoattractant. Interestingly, a uniform distribution
of ATP rendered the cells more ramified and motile, whereas a
uniformly high NO level induced process retraction and adop-
tion of an amoeboid-like phenotype.

In diseases with blood-brain barrier disruption such as mul-
tiple sclerosis, or small hemorrhages, the plasma protein
fibrinogen, acting via its CD11b/CD18 receptor (integrin
�M�2), is another potent inducer of microglia chemotaxis
(25), as shown in an in vivo model of multiple sclerosis and by
injecting physiological concentrations of fibrinogen into the
intact brain. Knocking out the binding motif of the CD11b/
CD18 receptor led to a smaller cluster of microglia forming
around blood vessels, and less microglial activation and axon
damage (25).

Baseline Surveillance

Studies in vivo and in situ using animals (mouse, zebrafish)
with genetically targeted microglia have demonstrated that
microglial tissue surveillance in the healthy CNS is almost
exclusively performed by their long, thin, and highly branched
processes, which extend and retract at average velocities of
�2.5 �m/min (4, 5, 9, 23, 48), whereas thicker processes closer
to the soma are less motile. Many processes show highly motile
protrusions forming bulbous endings that are very changeable
in size and have even greater motilities of �4 �m/min. In stark
contrast to their fast moving processes, which span a territory
of �60 �m in cortex, their small somata (�10 �m or less) are
almost stationary, moving only a few �m/hour (5). Their high
process motility (as well as their high cell density in the brain)
allows microglia to scan the entire brain parenchyma once
every few hours (5). Although microglial scanning appears to be
random, it follows a highly organized search routine, whereby
an individual cell scans its own territory without any overlap or
contact with neighboring microglia. Importantly, the motile
nature of microglial cells in vivo and in situ has been character-
ized in studies using juvenile and young adult animals, but pro-
cess ramification and motility decline in aged animals, which
may lead to less efficient surveillance and perhaps attenuated
protection from tissue damage (49).

Mechanisms Involved in Microglia Baseline Surveillance

Our current understanding of microglial baseline surveil-
lance lacks deep mechanistic insight. Baseline surveillance not
only depends on the density of microglia, the velocity of process
movement, and the frequency at which extensions and retrac-
tions occur, but also on mechanisms regulating the architecture
of microglial processes, such as the number of processes, pro-
cess length, and degree of ramification (Fig. 1). The following
mechanisms affect baseline surveillance.

Purinergic Control of Microglial Baseline Surveillance

Knock-out of the P2Y12 receptors that mediate chemotaxis
had no effect on baseline surveillance (34), but exposing brain
tissue to apyrase, an ATP/ADP-degrading ecto-ATPase from
potato, reversibly induced a rapid loss of microglial process

ramification and greatly reduced baseline motility (Fig. 2) (4, 21,
50). This suggests that activation of a nucleotide receptor other
than P2Y12 may help to maintain baseline motility. Microglial
process length was also reduced by broad-spectrum blockers of
ionotropic and metabotropic purinergic receptors in mouse
retinal explants (50). Thus, ambient levels of extracellular
nucleotides seem necessary to drive a (still unknown) tonically
active signaling mechanism in microglial cells that maintains
their process length and motility. However, these experiments
used very high concentrations of apyrase (100 –300 units/ml)
and should be interpreted with care as there may be nonspecific
effects of apyrase at such high doses. Additionally, the enzyme
was not focally but globally applied to the entire brain tissue,
which may trigger unpredictable secondary effects.

Another indication that extracellular nucleotides regulate
microglial process ramification came from mice lacking the
ectonucleotidase CD39 (51), the hippocampal microglia of
which had a less ramified morphology, with shorter processes
covering a smaller cortical area than for wild-type mice,
whereas their tissue density was unchanged. This might be
explained by CD39 knock-out altering the extracellular levels of
nucleotides and nucleosides, and thus altering tonic purinergic
receptor activation, but the precise receptors and intracellular
signaling mechanisms involved remain unknown.

If extracellular nucleotides regulate microglial baseline mo-
tility and process ramification, it is important to understand the
mechanisms releasing nucleotides in brain tissue. In response
to neuronal activity, astrocytes release ATP, which triggers
astrocyte Ca2� waves. These release more ATP across the
astrocytic network, promoting communication between astro-
cytes and to neurons (52). Astrocytes can amplify a local rise in
extracellular [ATP] through this ATP-induced ATP release (53,
54), facilitating microglial chemotaxis after focal brain damage
(4) and enhancing excitatory neurotransmission following
microglia activation by LPS (10). Astrocyte Ca2� waves can be
sensed by some microglia via purinergic receptors that generate
an outward membrane current (55). In line with astrocyte-mi-
croglia communication via ATP, blockade of gap junction
hemichannels, which may mediate astrocytic ATP release (53,
56, 57), led to microglia adopting shorter process lengths, as
well as a reduced baseline process velocity (Fig. 2) (4, 50). A
major impact of hemichannels on microglial morphology could
not, however, be confirmed in a study performed on zebrafish
with pharmacological blockade and genetic down-regulation of
pannexin-1 hemichannels (9). Thus, in vivo the role of hemi-
channel-mediated ATP release in regulating microglial mor-
phology remains uncertain.

Regulation of Microglial Surveillance by Neuronal Activity

Microglial process length and motility can also be influenced
by neurotransmitter signaling (5, 9, 37, 50, 58), but there are
inconsistencies between the results obtained. Increases in neu-
ronal activity evoked by glutamate (or analogues like NMDA,
AMPA, or kainate), or by blocking GABAergic inhibition, led to
microglial process extension and enhanced baseline motility,
whereas block of AMPA receptors had the opposite effect (5,
37, 50, 75). Similarly, mice exposed to light deprivation leading
to reduced neuronal activity in the visual cortex have less motile
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microglial processes, and light re-exposure increased their
velocity back to control levels (7). However, in dark-adapted
mice, microglia had an increased process area covering a larger
extracellular space, which led to a higher frequency of synaptic
contacts. Thus, the motility of microglial processes and their
territory may be regulated inversely (7). In a more extreme
model of visual deprivation (binocular eye enucleation), micro-
glia in the visual cortex had shorter processes that made less
frequent contacts with synapses (8), unlike the findings of
Tremblay et al. (7). These differences may reflect the varied
manipulations used, but in both studies, microglia actively
responded to altered neuronal activity.

Similar findings were obtained in zebrafish larvae, where an
increase of neuronal activity evoked process outgrowth toward
neurons and, through enhanced microglial-neuron contacts,
attenuated both spontaneous and evoked activity of previously
highly active neurons (9). In contrast, reducing neuronal activ-
ity by blocking synaptic transmission with the Na� channel
blocker tetrodotoxin in situ did not affect process motility and
baseline surveillance (5). Furthermore, contradicting the idea
that process motility correlates with neuronal activity, high-
frequency stimulation inducing long-term potentiation in hip-
pocampal slices did not change microglial baseline surveillance
(59).

The modulatory transmitter noradrenaline also affects
microglial motility, reducing process length and baseline sur-
veillance. Noradrenaline also abolished ATP-induced process
outgrowth, suggesting a regulation of purinergic signaling by
adrenergic signaling in microglia (58).

Instead of directly communicating to microglia, neurotrans-
mitter signaling may affect microglia motility indirectly by
modulating extracellular levels of nucleotides such as ATP,
which evoke changes in morphology and process velocity (37,
50, 75). Indeed, in microglia in situ, only extracellular nucleo-
tides such as ATP, ADP, and UDP evoke inward membrane
currents through ionotropic P2X (presumably P2X4 and P2X7)
receptors and outward K� currents via G protein-coupled
(P2Y) purinergic receptors (23, 31–33, 35, 50), whereas other
neurotransmitters (glutamate, GABA, glycine, acetylcholine,
dopamine, and noradrenaline) generate no current (23, 32, 33,
59, 60, 75). This contradicts data from cultured microglia,
showing expression of glutamate-sensing AMPA and kainate
receptors, as well as glutamate transporters (61, 62). Supporting
a role for ATP as the signal of neuronal activity for microglia,
the reduction of microglial process length and motility seen
with glutamate receptor blockade can be overcome and even
reversed when ATP is present (50). Furthermore, NMDA-
evoked outgrowth of microglial processes can be abolished by
P2Y12 knock-out, inhibiting ATP hydrolysis, or omitting exter-
nal Ca2� (37, 75). Thus, neuronal activity-evoked changes in
microglial morphology and baseline motility are most likely not
due to direct neurotransmitter signaling from active neurons to
microglia, but rather are indirectly mediated by local rises of
extracellular nucleotide concentrations. This may reflect co-re-
lease of ATP with principal neurotransmitters from neurons
(63) or secondary neuronal ATP release following NMDA
receptor activation (37, 75), or may involve communication to

astrocytes, which release ATP in response to neuronal activity
(52).

Regulation of Microglia Baseline Surveillance by Fractalkine

Activation of the microglial chemokine receptor CX3CR1 by
its ligand CX3CL1 (fractalkine) is an important pathway for
neuron-to-microglia communication, serving as a calming
stimulus preventing microglia activation (64 – 66). Fractalkine
is constitutively released by neurons and exists as a membrane-
bound and -soluble ligand, thus promoting direct cell-cell sig-
naling, but also long-range signaling to microglia. Fractalkine
receptor deficiency leads to a transient reduction of microglial
number during early postnatal development (12, 13), micro-
glia-mediated neurotoxicity (65– 67), and impaired phagocy-
tosis of apoptotic newborn neurons, thus causing reduced neu-
rogenesis and deficits in synaptic pruning associated with
weaker synaptic transmission and impaired brain connectivity
(68 –70).

Fractalkine signaling promotes microglial motility because,
in ex vivo retinal explants, CX3CR1 knock-out led to reduced
microglial baseline surveillance. Although process velocity was
reduced by �30% for baseline surveillance and in response to
tissue damage, microglial morphology and tissue density were
unaltered (71). This is surprising as CX3CR1 receptor defi-
ciency is known to transform microglia from a quiescent sur-
veillance state into an activated state (65), with a larger cell
soma and greatly reduced number of processes that are much
shorter and less motile. Other chemokines, CD42 and CD200,
also keep microglia in a non-activated, quiescent state, but their
impact on microglial baseline motility is unknown.

Gaps in Our Understanding and Future Directions

Despite the advances reviewed above, the following issues
need further work if we are to better understand microglial
surveillance of the CNS. During baseline surveillance, it is still
unclear what cues, if any, microglial processes follow when they
invade and scan an area of the brain parenchyma, how they
know which territory they have already surveyed (or whether it
is occupied by another microglial cell), and how they meet the
substantial energetic and membrane/cytoskeleton turnover
requirements for their continuous surveillance. Mechanisti-
cally, it will be crucial to establish how microglia switch from
baseline surveillance mode to targeted motility toward a threat.
In chemotaxis, it is unclear how ATP, as a quickly hydrolyzed
molecule with a very short half-time in tissue (�200 ms (72)),
can act as a long-range signal to trigger prolonged process out-
growth in distant microglia. Indeed, the concept of extracellular
purines such as ATP, ADP, UTP, or UDP acting as long-range
chemoattractants for macrophages has been challenged (73).
Because ATP functions in many cell types as an auto- or para-
crine signaling molecule acting in the direct vicinity of its
release site (74), a similar scenario may hold for microglia (dur-
ing either baseline surveillance or chemotaxis). This would
imply that an initially local ATP signal needs to be amplified
across a much longer distance by employing a different signal-
ing molecule or by enhancing the initial ATP response, perhaps
by ATP-induced ATP release in astrocytes (4). Understanding
how this works may give us insight into why chemotaxis is only
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evoked when millimolar levels of ATP are released, yet is medi-
ated by the ATP hydrolysis product ADP binding to a receptor
(P2Y12) with a very high affinity. Finally, our review has focused
on resting microglia. Further work is needed to reveal which
other mechanisms exist to evoke a targeted response of micro-
glial processes under pathological conditions when activated
microglia have substantially down-regulated their P2Y12 recep-
tor expression (29, 45). It will also be important to understand
whether the properties of microglia generated from macro-
phages that invade the brain following injury differ from those
of yolk sac-derived endogenous microglia.

Some of these gaps in our understanding have already been
partly addressed in vitro. However, given the profound differ-
ences between cultured microglia and microglia in vivo, it is
essential now to test current in vitro concepts under more phys-
iological conditions and, more challengingly, to carry out future
research investigating the properties of microglial cells in prep-
arations in situ or in vivo from the beginning.
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The p21-activated kinases (PAKs) are a family of six serine/
threonine kinases that act as key effectors of RHO family
GTPases in mammalian cells. PAKs are subdivided into two
groups: type I PAKs (PAK1, PAK2, and PAK3) and type II PAKs
(PAK4, PAK5, and PAK6). Although these groups are involved
in common signaling pathways, recent work indicates that the
two groups have distinct modes of regulation and have both
unique and common substrates. Here, we review recent insights
into the molecular level details that govern regulation of type II
PAK signaling. We also consider mechanisms by which signal
transduction is regulated at the level of substrate specificity.
Finally, we discuss the implications of these studies for clinical
targeting of these kinases.

The type II PAKs2 are members of the Sterile 20 (Ste20) fam-
ily of STE (homologs of yeast Sterile 7, Sterile 11, and Sterile 20)
group serine/threonine kinases. They are important for signal-
ing from small GTPases of the RHO family, particularly the
CDC42 (cell division cycle 42) and to a lesser extent RAC (Ras-
related C3 botulinum toxin substrate) isoforms, to the actin
cytoskeleton and to growth and survival pathways. Type II
PAKs share significant sequence similarity with the well studied
type I PAKs (PAK1, PAK2, and PAK3), which are extensively
reviewed elsewhere (1–5), but the roles of the type I and type II
PAKs in GTPase signaling pathways, and their mechanisms of
regulation, differ considerably. In the sections below, we con-
sider the function of the type II PAK serine/threonine kinases in
small GTPase pathways, the structural and biochemical basis
for their regulation, mechanisms of their targeting to sub-
strates, and some of the current strategies for targeted small
molecule inhibition of these enzymes.

Type II PAKs in Signal Transduction

The type II PAKs are binding partners of RHO family small
GTPases. Their dominant role in signal transduction is as ser-
ine/threonine kinases, where transfer of the �-phosphate from

an ATP molecule to a substrate protein results in consequent
regulation of downstream effector pathways. The activation of
type II PAK kinase signaling is associated with small GTPase
binding, but as discussed below, direct activation does not seem
to occur upon small GTPase binding. Rather, GTPases are
thought to primarily regulate type II PAKs by controlling their
subcellular localization. Type II PAKs also have reported
kinase-independent roles as scaffolding proteins, with func-
tions that are still emerging.

The type II PAKs are placed at critical nodal points in multi-
ple signaling pathways that are associated with cell growth,
cytoskeletal dynamics, cell polarity, survival, and development
(6 – 8). They are located directly downstream of RHO family
GTPase activation. Numerous substrates of type II PAKs have
been identified that are thought to act as downstream effectors
in distinct cellular processes. For example, direct phosphoryla-
tion of LIM kinases (9, 10), p210/�-catenin (11, 12), slingshot
phosphatase (SSH) (13), GEF-H1 (8, 14), and PDZ-RHOGEF
(15) has been implicated in transducing type II PAK signaling to
the actin cytoskeleton, and phosphorylation of Par6B (16),
integrin �5 (17–19), and paxillin (20) regulates cell adhesion.
Likewise, growth and survival signals emanating from type II
PAKs may involve direct phosphorylation of Raf (21, 22),
MDM2 (23), Bcl2-associated agonist of cell death (BAD) (24 –
27), and RAN (28). From studies in animal models, only PAK4
has been found to be essential for life; Pak4 knock-out mice
display severe defects in angiogenesis, in the cardiovascular sys-
tem, and in neuronal development (29, 30). Pak5 and Pak6
knock-out mice are viable and show few phenotypes; their dou-
ble knock-out, however, is associated with cognition and loco-
motive defects (31, 32), which are potentially associated with
disruption of the interaction between two PAK substrates, Pac-
sin-1 and Synaptojanin-1, that normally control synaptic vesi-
cle trafficking (33). There are clear differences between the type
II PAKs in tissue expression profile (3, 8, 34), with PAK4 widely
expressed and most abundant in prostate, testis, and colon (35),
PAK5 predominantly found in the brain and pancreas (32, 36),
and PAK6 found largely in testis, prostate, and brain, and pos-
sibly the kidneys and placenta (34, 37, 38). Subcellular localiza-
tion also differs between the family members (3), as discussed in
the next section, which may contribute to selective targeting of
some substrates. For example, so far androgen receptor has
only been found to be a substrate of PAK6 (38). These enzymes
therefore play important roles in signal transduction within
multiple pathways.

Specificity and Impact of PAKs as Binders and Effectors
of RHO Family Small GTPases

Small GTPases are elegant switches that adopt two basic
structural conformations, the GDP-loaded “inactive” confor-
mation and the GTP-loaded “active” conformation. The GTP-
loaded active conformation is associated with binding to effec-
tor molecules and consequent activation of downstream
signaling pathways (39). When the effector protein is a protein
kinase, GTPase binding is often associated with activation of
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catalytic activity, and this is the case for the PAK serine/threo-
nine kinases. Signaling from the PAKs is controlled by their
binding to small GTPases; however, the mechanism of control
differs between the type I and type II subgroups (Table 1).

All PAKs harbor a GTPase-binding region termed the CRIB
(CDC42/RAC interactive binding) domain (Fig. 1A). CRIB
domains are highly similar among the six family members with
identities of over 50% between the type I and type II PAKs. CRIB
domains interact specifically with RHO family small GTPases
when in the GTP-loaded state. Structurally, the CRIB domains
of type I and II PAKs interact with small GTPases in a similar
fashion (Protein Data Bank (PDB) IDs: 2QME, 2OV2, and
2ODB) (40, 41) (Fig. 1B), and NMR studies indicate that the
CRIB domain of type II PAKs is unfolded in the absence of small
GTPase (42). Despite their similarity, CRIB domains from type
I and type II PAKs appear to specifically target different
GTPases, with type I PAKs acting downstream of RAC isoforms
and CDC42 and the type II PAKs preferring CDC42 (35, 37, 38).
RhoA, RhoB, and RhoC have not been implicated as PAK-bind-
ing small GTPases (3), but PAK5 has been shown to additionally
interact with RhoD and RhoH (43) and PAK6 to interact with
RhoV (Wrch-2) (44) and RhoJ (Tc10-like GTP-binding protein
(TCL)) (45). Systematic comprehensive analysis of PAK speci-
ficity has yet to be performed and could highlight more intricate
differences as GTPase effectors.

For the type I PAKs, the interaction with small GTPases is
associated with activation of kinase activity (1, 4) and is further
discussed below. For the type II PAKs, however, most studies
find that GTPase binding does not directly activate kinase activ-
ity (35–38, 46) (Table 1), although PAK4 isolated from mam-
malian cells has reportedly higher activity when associated with
CDC42 (47). In contrast, interaction of the type II PAKs with
small GTPase is thought to be important for regulating subcel-
lular localization (35, 38, 48 –50), The different type II PAKs
localize differently, with PAK4 targeted to the Golgi upon
CDC42 binding (35) and found close to the cell surface (17, 51),
PAK5 to the mitochondria, nucleus (25, 43), and filopodia (43),
and PAK6 to the mitochondria (25), cytoplasm (52), nucleus
(38), and cell-cell junctions (53). Taken together these studies
suggest that small GTPase binding to the type II PAKs does not
directly impact catalytic activity, but instead targets these pro-
teins to specific locations in the cell to prime the kinase for
activation by another signal and/or place the kinase in proxim-
ity to its substrate.

The PAK Interdomain Region

Between the N-terminal CRIB domain and the C-terminal
kinase domain of the type II PAKs, there is a non-conserved
region of between 160 and 310 amino acids in length depending
on the isoform. Although poorly conserved among the type II
PAKs, in each isoform, this region contains multiple proline-
rich motifs, and this region can interact with protein-binding
partners (14). It is therefore possible that PAK isoform-specific
functions could be driven through binding to this interdomain
region. The interdomain region may well turn out to be criti-
cally important for isoform-specific interplay with signaling
pathways.

Autoregulation of PAKs

Since their discovery, the mechanism of autoregulation for
the type II PAKs has been unclear. High sequence similarity
between the type I and type II PAKs is observed for the kinase
and CRIB domains, but outside of those domains, there is little
to suggest conservation of fold or binding partners. Impor-
tantly, the AID (autoinhibitory domain) that is highly con-
served among the three type I PAK family members is not pres-
ent in the type II PAKs. The absence of this region in the type II
PAKs was both informative (it suggested differences in the reg-
ulation mechanisms of the two PAK subgroups) and a paradox
(how might these proteins be regulated?), so it has presented a
challenge to the community. A mechanism of autoregulation
unique to PAK5, involving residues 119 –123 that are not con-
served in PAK4 or PAK6, was observed (49), but how this might
function has remained elusive. The system therefore required
detailed biochemical and structural analysis to investigate its
mechanisms of regulation.

Biochemical analysis of full-length PAK4 confirms a differ-
ence between the type I and type II PAKs. The type I PAKs
utilize both their CRIB domains and their AID domains to gen-
erate a trans-autoinhibited homodimer (1, 54, 55). In this state,
the AIDs of each molecule bind to the substrate recognition
groove of the other, thus preventing catalysis. This dimeric
autoinhibited conformation is stabilized by the CRIB domains,
which form the majority of the dimerization interface. Binding
of small GTPase to the type I PAK CRIB domain is incompatible
with the trans-autoinhibited homodimer, so it can readily
impact the equilibrium between catalytically inactive and active
states (55). The type I PAK trans-autoinhibited homodimer is a
biochemically stable species that can be purified as a dimer by
size exclusion chromatography (54). In contrast, size exclusion

TABLE 1
Similarities and differences between the type I and type II PAKs

Type I PAKs (PAK1, PAK2, PAK3)
Type II PAKs

(PAK4, PAK5, PAK6)

GTPase binding Yes, via CRIB domain Yes, via CRIB domain
GTPase specificity RAC � CDC42 CDC42 � RAC
Direct activation by GTPase Yes Noa

Autoinhibition mechanism Trans-autoinhibited homodimer Pseudosubstrate autoinhibition
Autoinhibited stoichiometry in solution Homodimeric Monomeric
Activation loop phosphorylation state (autoinhibited) Unphosphorylated Phosphorylated
Activation mechanism GTPase binding-associated conformational change;

activation loop phosphorylation
Pseudosubstrate release

Phosphoacceptor residue specificity Ser � Thr Ser � Thr
a Most studies indicate that the type II PAKs are not directly activated by small GTPase binding.
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chromatography of purified full-length PAK4 yields an exclu-
sively monomeric species (46, 47), implying that the type II
PAKs do not form a similar stable trans-autoinhibited dimer in
solution.

Early studies indicated that the catalytic domain of PAK4 had
greatly increased kinase activity when compared with the full-
length protein when isolated from mammalian cells (35). More
recently, a biochemical study showed that the N-terminal 68

residues of PAK4 were sufficient to suppress kinase activity and
that a fusion of these N-terminal residues and the catalytic
domain, but lacking interdomain residues 69 –285, also sup-
pressed kinase activity, suggesting that autoinhibition of PAK4
was controlled by this N-terminal region (47). A parallel study
showed through a series of structure-directed functional assays
that suppression of PAK4 catalytic activity was controlled by a
portion of the N terminus centered around residue Pro52 (46).

FIGURE 1. Type II PAK domains and structure. A, schematic diagram showing domain assignments of the type I and II PAKs. NLS indicates nuclear localization
sequence, GBD indicates GTPase-binding domain, and PS indicates pseudosubstrate. The location of residue Pro52 is indicated. B, the crystal structure of CDC42
in complex with the CRIB domain of PAK6 shown in graphic format. CDC42 is shown in tan, and PAK6 is shown in green. Switch I, Switch II, and P-loop regions
of CDC42 are indicated. GTP analogue GMP-PCP is shown in stick format. Mg2� is shown as a sphere. N and C termini of PAK6 are indicated. PDB ID: 2ODB. C, the
crystal structure of PAK4 catalytic domain in complex with its N-terminal pseudosubstrate shown in graphic format. PAK4 catalytic domain is shown in blue, and
PAK4 pseudosubstrate is shown in maroon. Secondary structure elements are labeled. Residues discussed in the text and ATP analogue AMP-PNP are shown
in stick format and labeled. Activation loop phosphoserine Ser(P)474 (pS474) is indicated. N and C termini of PAK4 catalytic domain are indicated. PDB ID: 4FIF
(46). D, the crystal structure of PAK4 catalytic domain in complex with a longer fragment of its N-terminal pseudosubstrate. A helical region of the pseudosub-
strate is clearly visible. PDB ID: 4L67 (42).
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X-ray crystallographic data of full-length (isoform 2) PAK4,
sequence conservation analysis, and kinase activity assays
focused studies on a portion of the N terminus encompassing
residues Arg49-Pro50-Lys51-Pro52-Leu53-Val54, which could
suppress catalytic activity of the PAK4 kinase domain, and
when mutated in the context of the full-length protein, this
region resulted in a significant increase in catalytic activity.
When this region was co-crystallized with the PAK4 catalytic
domain to yield a high-resolution structure, it became clear that
this region suppresses catalytic activity by adopting a pseudo-
substrate mode of binding to the catalytic domain (Fig. 1C) (46).
The peptide occupied the substrate-binding cleft of the kinase
domain, with Pro52 sitting precisely in the site normally occu-
pied by the phosphoacceptor residue. Additionally, salt bridges
were formed between Arg49 and acidic residues in the substrate
cleft, which are discussed under “Specificity of PAKs toward
Downstream Substrates” below. In all three crystal structures of
PAK4 in complex with its pseudosubstrate, the kinase was
found to be in an active state (46), with the DFG motif in the
“DFG-in” conformation and Ser474 in the activation loop-phos-
phorylated (Ser(P)474). Because of the high conservation of this
pseudosubstrate region across the type II PAKs, its ability to
bind active-state kinase, and increases in catalytic activity upon
its mutation in full-length protein in vitro and in cells (dis-
cussed below), the pseudosubstrate was proposed to be the gen-
eral mode of autoregulation for the type II PAKs (46).

Supporting the pseudosubstrate mechanism of type II PAK
regulation, double mutagenesis of Arg48/Arg49 results in an
increase in PAK4 kinase activity (47). Further, PAK6 is auto-
regulated by the pseudosubstrate region and can be activated in
cells by mutation of Pro52 (56). Another study also used x-ray
crystallography to observe an identical pseudosubstrate con-
formation for the interaction of a longer peptide fragment with
the PAK4 kinase domain (42). Interestingly, this later study also
discovered that 10 residues N-terminal of the pseudosubstrate
(Trp39–Arg48) may fold into an �-helical conformation that
appears to block nucleotide access to the ATP-binding site (Fig.
1D) (42). NMR titrations suggested conformational changes in
this region of the N terminus upon interaction with the cata-
lytic domain (42). It is therefore an intriguing possibility that
autoinhibition of type II PAK activity may be further stabilized
by an additional “clamp” mechanism involving sequences
N-terminal to the pseudosubstrate region.

Phosphorylation of the activation loop is a mechanism for
regulation of the catalytic activity common to many protein
kinases (57, 58). In most protein kinases, the autoinhibited or
inactive conformation of the kinase is strongly disfavored once
the activation loop is phosphorylated. Activation loop phos-
phorylation is also associated with an extended conformation
(57), with the active DFG-in state of the DFG motif (59), and
with fully formed active-state hydrophobic spines within the
catalytic domain (60). Thus activation loop phosphorylation is
often used as a biochemical surrogate to determine the activa-
tion state of a protein kinase. For the type I PAKs, significant
increases in phosphorylation in cells are observed on GTPase
binding, indicating that kinase activation is driven by the inter-
action with small GTPase (61). In contrast, the type II PAKs do
not follow this paradigm and are observed to be constitutively

phosphorylated in cells (35, 47). Type II PAKs are consistently
activation loop-phosphorylated when produced in Escherichia
coli for structural studies (42, 46, 56, 62), and although PAK4
activation loop phosphorylation has been used as a marker for
activation in cell-based assays and as a histological marker (19,
63– 66), the validity of this readout has been recently ques-
tioned (47). Therefore, the role of modulating phosphorylation
in the activation loop of the type II PAKs as a regulatory mech-
anism is not completely clear. Autoregulation by the pseudo-
substrate is consistent with constitutive phosphorylation of the
kinase, but further work may be required to investigate whether
the type II PAKs access an inactive conformation that is non-
phosphorylated on the activation loop, and whether this is
functionally important.

The conformational flexibility of type II PAKs has also been
probed at a structural level. When the initial structures of the
catalytic domains of PAK4, PAK5, and PAK6 were determined,
unusual conformational flexibility was observed between these
kinase domains, although all were observed to be phosphory-
lated on their activation loops (1, 62, 63, 67, 68). Three promi-
nent features from these structures included an open-closed
hinging of the kinase N-lobe, an open-closed hinging of the
glycine-rich P-loop, and a conformational change in the �3-�C
loop and �C helix (Fig. 1C). The gross hinging of the N-lobe and
the opening of the P-loop are conformational movements that
are associated with binding and release of nucleotide to the
active site and are also observed in other kinases (57). In con-
trast, the conformational changes in the �3-�C loop are per-
haps more specific to the type II PAKs, and not observed, for
example, in the type I PAKs. In these type II PAK structures, the
�C helix can vary in length by an additional turn that replaces
some of the flexible �3-�C loop. The longer �C helix is associ-
ated with a shorter �3-�C loop and a closed conformation
active-like state. The differences in �C helix length are also
associated with different conformational states of an arginine
residue (Arg359, Arg487, and Arg445 for PAK4, PAK5, and
PAK6) that is sometimes observed to be part of the �3-�C loop
and sometimes part of the first turn of the �C helix. In the array
of fully active structures of PAK4 in complex with substrate or
pseudosubstrate peptides, this arginine invariably forms a salt
bridge with the activation loop phosphoserine,3 and the gluta-
mine residue immediately N-terminal of it displays a propen-
sity to hydrogen-bond to substrate peptide backbone. This
structural evidence therefore seems to suggest that for cycling
of nucleotide, concerted conformational changes of the kinase
domain are required to open the cleft for ADP release and to
close the cleft to form the optimal ATP-bound catalytic confor-
mation. It is also possible that substrate or pseudosubstrate
binding can stabilize the active state by forming hydrogen
bonds with the �3-�C loop and helping stabilize the arginine-
Ser(P) interaction by stacking against aliphatic parts of the
extended arginine. This would consolidate autoinhibition by
the pseudosubtrate, and/or aid phosphotransfer by helping
hold the substrate in place until phosphotransfer is complete.

The recent structural studies on the type II PAKs have
therefore provided insight into the autoinhibition mecha-

3 In structure 4JDH, a steric clash prevents the salt bridge from forming.
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nisms of these kinases, and also into the conformational flex-
ibility accessible to the active state. These studies also suggest
intriguing possibilities for understanding the mechanism of
activation for these proteins. Because of the presence of pro-
line-rich motifs in and around the pseudosubstrate, SH3-do-
main proteins or other protein scaffolding domains were pro-
posed to play a role in stabilizing an active state, where the
pseudosubstrate is sequestered away from the kinase domain to
allow catalytic activity (46). Studies to investigate this possibil-
ity are continuing.

Specificity of PAKs toward Downstream Substrates

Although type I and type II PAKs have some common sub-
strates, recently a number of type II PAK-specific substrates
have been identified (6). Specificity of PAKs for downstream
substrates is likely to be controlled at many levels, including
subcellular localization as well as direct physical interactions
with substrates. Early studies with synthetic peptide substrates
defined a consensus phosphorylation site motif for PAK2 (69),
including an essential Arg residue at the �2 position in the
substrate and a strong preference for basic residues (Lys/Arg) at
the �3 position. Peptide library analysis of both type I and type
II PAKs has confirmed these studies and provided additional
detail, including distinct sequence preferences for type I and
type II PAKs (70). For example, these studies revealed that
other residues, such as Tyr and His, could substitute for the
Arg at the �2 position and that all PAKs prefer to have a
hydrophobic residue at the �1 position. Further, all PAKs
prefer Ser over Thr as the phosphoacceptor residue. In addi-
tion to these common features, type I and type II PAKs differ
with respect to residues preferred downstream of the phos-
phorylation site, including a relative preference for small
residues at the �2 position by type II PAKs when compared
with larger hydrophobic residues preferred by type I PAKs
(Fig. 2A).

Structural studies of PAK4-peptide complexes and biochem-
ical analysis of PAK mutants have pointed to key features of the
kinase catalytic domains that dictate common and unique phos-
phorylation site preferences (71). Selectivity at the �2 position
for example appears to involve direct interactions between the
guanidino head group of the substrate Arg residue with two
basic residues in the kinase catalytic cleft (Asp444 and Glu507)
(72). This �2 specificity pocket is fully analogous to the site in
PKA that binds to the �2 Arg residue in its substrates (73).
Selectivity for Ser versus Thr as the phosphoacceptor residue
for PAKs, and indeed for Ser-Thr kinases in general, was shown
to depend on the identity of the so-called DFG�1 residue,
located immediately downstream of the conserved Asp-Phe-
Gly sequence that begins the kinase activation loop. Kinases
with �-branched amino acids in this position have a propensity
to phosphorylate threonine as the substrate residue, but a bulky
amino acid in the DFG�1 position results in a propensity to
phosphorylate serine (Fig. 2B). All PAKs have a Phe as the
DFG�1 residue, and mutation to Val converted PAK4 to a Thr-
preferring kinase (71). Features unique to type I versus type II
PAKs at positions downstream of the phosphorylation site are
strongly influenced by the �3-�C loop sequence that as dis-
cussed above can differ in conformation between the two

groups. Indeed, mutants in which two residues in this region
were exchanged between PAK2 and PAK4 (PAK2-P286Q,
K287R and PAK4-Q358P,R359K) could partly interconvert
their peptide sequence specificities (70).

Known sites of phosphorylation mapped on protein sub-
strates are enriched for features common to the type I and type
II PAK consensus motifs (Fig. 2A). Notably, not all PAK sites
conform closely to the peptide consensus motif; for example,
several substrates are phosphorylated on Thr residues rather
than the preferred Ser. By analogy with other kinases, phosphor-
ylation of non-preferred sequences may facilitate modulation
of the level of phosphorylation in response to changes in PAK
activity in a manner that may depend on competition by the
kinase for more optimal phosphorylation sites (74, 75). Sites
phosphorylated by type I and type II PAKs appear to be similar
in sequence, suggesting that differences in phosphorylation site
motifs may play little role in controlling which specific PAKs
are responsible for phosphorylation of a given substrate. How-
ever, it was shown that specific phosphorylation of Pacsin-1 in
vitro by type II PAKs is strongly influenced by the phosphory-
lation site sequence. Although wild-type PAK2 poorly phos-
phorylated Pacsin-1 in vitro, the PAK2 P286Q,K287R exchange
mutant could phosphorylate Pacsin-1 with comparable effi-
ciency to PAK5. These observations suggest that for at least
some substrates, PAK phosphorylation sites are specifically
tuned to optimize phosphorylation by either type I or type II
PAKs.

Alteration of Type II PAK Signaling in Cancer

Multiple studies have found genomic amplification, protein
overexpression, or point mutation of type II PAKs in cancer (6,
76). Gene amplification has been most frequently observed for
PAK4, specifically in pancreatic, ovarian, and colon cancers (65,
77–79) as well as multiple tumor cell lines (6, 76, 80). Amplifi-
cations of PAK5 in colorectal (81, 82) and PAK6 in prostate
cancer (83) have also been observed. The assumption for these
tumors is that catalytic activity for the type II PAKs is up-regu-
lated and potentially plays a role in driving the malignancy.
These notions are corroborated by cell-based assays showing,
for example, that silencing expression type II PAKs by RNAi
can retard growth (84, 85). The type II PAKs are also thought to
have a role in invasion and metastasis (6, 67, 76), and PAK4 may
also play a role in proliferation of BRAF- or KRAS-driven can-
cers (85). These discoveries have provided a framework to drive
efforts to achieve ATP-competitive small molecule inhibitors
of the type II PAKs (6, 76, 86), with PF-3758309 the most prom-
inent example (63).

In addition to amplifications at the genomic or protein level,
somatic point mutations have also been discovered for the type
II PAKs. In lung and colon cancers, PAK5 is observed to be
particularly susceptible to acquisition of in-frame missense
mutations (87, 88), although PAK4 somatic mutation has also
been found to be associated with cancer (84, 89). Although
these mutations do not cluster to specific regions within the
proteins, one tumor-associated PAK5 mutant was demon-
strated to have increased signaling, presumably due to in-
creased kinase activity. Interestingly, the mutation (T538N)
maps to the catalytic cleft, suggesting release of pseudosub-
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strate inhibition as a potential mechanism (87). A recurrent
PAK6 mutation at the central Pro residue in the pseudosub-
strate region (P52L) found in melanomas (90, 91) resulted in
increased catalytic activity (56). Further studies will be required
to investigate whether, or how, other cancer-associated muta-
tions impact catalytic activity or other PAK functions.

ATP-competitive small molecule kinase inhibitors are often
classified by the structural conformation of the protein kinase
that they bind (92). Type I inhibitors bind to the active, DFG-in
state, and type II inhibitors bind to the inactive, DFG-out, con-
formation. Following the failure of PF-3758309 in phase I trials,
the clinical potential of type I PAK4 inhibitors is not currently
clear (63, 93), although LCH-7749944 in this class is still in
development (94, 95). Interestingly, structural flexibility of the

back pocket of the ATP-binding site close to the gatekeeper
residue may provide an additional mechanism to obtain type II
or type I 1/2 inhibitors (86, 96) that could have increased spec-
ificity. Structural biology is therefore aiding the progress
toward PAK-specific drug discovery. The reader is also directed
to further recent in-depth discussions on the roles and target-
ing of PAKs in disease (6, 67, 76, 86, 97).

Conclusions

The type II PAKs are emerging as important components in
RHO family signaling cascades. Although first described over
15 years ago, the molecular level mechanisms by which these
proteins are regulated are still being described, and recent stud-
ies have significantly improved our understanding.

FIGURE 2. Type II PAK substrate specificity and its determinants. A, the sequence logos showing specificity of type I and type II PAKs on peptide and
protein substrates. Logos were generated using either positional scanning peptide library data (top) or data from all reported sites of phosphorylation
in protein substrates (bottom) as compiled on the PhosphoSitePlus database (98). Sites of phosphorylation for the reported type II PAK substrates
androgen receptor, LIMK1, Pacsin-1, Synaptojanin-1, MDM2, and PAR6B, which are not included in PhosphoSitePlus, were taken from the literature (9,
16, 23, 33, 38). Logos were generated using the program EnoLOGOS (99) and are scaled such that the height of the letter is proportional to the frequency
of the residue at the indicated position. B, close-up view showing the interaction of PAK4 catalytic domain with an optimized PAKtide substrate peptide.
PAK4 is shown in graphic format in blue, and amino acids discussed in the text are shown in stick format. PAKtide is shown in stick format in yellow. The
DFG�1 residue Phe461 and the phosphoacceptor residue Ser0 are indicated. The acidic patch and arginine �2 residue are indicated. Nucleotide is shown
in stick format. PDB ID: (4JDI) (71).
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The YidC/Alb3/Oxa1 family functions in the insertion and
folding of proteins in the bacterial cytoplasmic membrane, the
chloroplast thylakoid membrane, and the mitochondrial inner
membrane. All members share a conserved region composed of
five transmembrane regions. These proteins mediate membrane
insertion of an assorted group of proteins, ranging from respi-
ratory subunits in the mitochondria and light-harvesting chlo-
rophyll-binding proteins in chloroplasts to ATP synthase sub-
units in bacteria. This review discusses the YidC/Alb3/Oxa1
protein family as well as their function in membrane insertion
and two new structures of the bacterial YidC, which suggest a
mechanism for membrane insertion by this family of insertases.

In all cells, membrane proteins play crucial roles in energy
production, substrate transport, signaling, and metabolite
exchange. They function as ATPases, photosynthetic com-
plexes, chemosensors, and permeases. Membrane proteins
make up 25–30% of the proteins in a cell and comprise over 50%
of known drug targets. To assemble proteins into the mem-
brane lipid bilayer, translocation and insertion machineries are
required in cells. The Sec translocase is the major translocase
that inserts proteins into and across the endoplasmic reticulum
of eukaryotic cells, the cytoplasmic membrane of bacterial and
archaeal cells, and the thylakoid membrane of plants. When
translocating proteins across the membrane, the Sec machinery
does so in an unfolded state (1, 2). Also operating within the
eukaryotic cells, the guided entry of tail-anchored (GET)
machinery delivers tail-anchored proteins to the endoplasmic
reticulum membrane for membrane insertion by a post-trans-
lational mechanism (3). A very different translocase called the
twin arginine translocation (Tat) machinery functions to trans-
locate folded proteins across the membrane (4, 5). The Tat
pathway can translocate proteins across the cytoplasmic mem-
brane in bacterial and archaeal cells and across the thylakoid
membrane of chloroplasts.

This review will focus on the YidC/Oxa1/Alb3 family of pro-
teins that operates in bacteria and certain eukaryotic organelles
to facilitate membrane protein insertion. We will discuss the
distribution and function of these insertases and highlight the
recent structural work on these novel proteins, which provides
insight into how these proteins catalyze membrane protein
insertion and protein assembly at a molecular level.

Distribution, Topology, and Function of YidC/Oxa1/Alb3
Proteins

In eukaryotes, there are two members of the YidC/Oxa1/
Alb3 family that span the membrane five times (6, 7): Oxa1 and
Oxa2 (Cox18) in the mitochondrial inner membrane (8) and
Alb3 and Alb4 in the chloroplast thylakoid membrane (9). The
two paralogs in each system differ in their C-terminal region.
The mitochondrial Oxa1 contains a long positively charged
C-terminal region that constitutes the ribosomal binding
domain, whereas the Oxa2 lacks this domain (8). Oxa1 func-
tions in co-translational insertion, whereas Oxa2 functions in
post-translational insertion (10 –12). In the chloroplast, Alb3
also possesses a long C-terminal region, but it recognizes a spe-
cial targeting protein called SRP43, whereas Alb4 lacks this
C-terminal domain (13). In bacteria, the number of YidC para-
logs and the number of membrane-spanning regions possessed
by YidC can vary. In most Gram-positive bacteria, two paralogs
(YidC1 and YidC2) can be found, and they both span the mem-
brane five times (14, 15). YidC2 proteins possess a long C-ter-
minal region that can directly bind to the ribosome, whereas
YidC1 lacks such a domain (16). In Gram-negative bacteria,
only one YidC is found, and it contains an extra TM2 seg-
ment at the N terminus of the protein and a large periplasmic
domain between TM1 and TM2 (17). In some organisms,
there can be multiple paralogs. For example, most plants have
four YidC members: two paralogs in mitochondria and two in
chloroplasts.

Interestingly, in Bacillus subtilis, the gene expression of a
YidC paralog is regulated by a novel post-translational mecha-
nism. Chiba et al. (18) discovered that when SpoIIIJ (YidC1) is
functional, the expression of YqiG (YidC2) is repressed,
whereas the expression of YqiG is up-regulated when SpoIIIJ is
inactivated. Using a genetic approach, Chiba et al. (18) found
that SpoIIIJ inserts the MifM sensor protein that is encoded by
the mifM gene, which precedes the yqiG gene. When SpoIIIJ
inserts MifM, the RNA hairpin loop following mifM masks the
Shine-Dalgarno sequence required for expression of yqiG.
However, when SpoIIIJ does not insert MifM, the membrane
protein substrate undergoes translational arrest. This arrest
causes changes in the RNA structure leading to unfolding of the
hairpin loop and expression of YqiG. Arrest of protein synthesis
occurs by a multisite ribosomal stalling mechanism (19) that is
different from the stalling mechanism that is observed with
SecM, which controls the expression of the secA gene in Esch-
erichia coli (20).

The cellular function of the YidC family members is impor-
tant for the assembly of energy-transducing complexes (21).
The bacterial YidC and mitochondrial Oxa1 primarily function
to insert and assemble the protein complexes involved with
respiration (21–25), whereas the chloroplast Alb3 paralogs are
necessary for photosynthesis and thylakoid biogenesis (26 –29).
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The enzyme activity of these insertases is remarkably conserved
(11, 30 –33) (Table 1). For example, the mitochondrial Oxa1
and bacterial YidC (with the C-terminal ribosome binding
domain appended) can functionally substitute for each other
(11, 33), and the chloroplast Arabidopsis thaliana Alb3 and
Alb4 can replace the E. coli YidC and function to insert proteins
into the bacterial cytoplasmic membrane (31, 32). Table 1
shows the substrates that have been identified for these inser-
tases in mitochondria, chloroplast, and bacteria.

Oxa1 Family

The YidC/Oxa1/Alb3 family of proteins was discovered in
the year 1994 by scientists in the mitochondrial field. The key
findings were that a mutation in a new protein called Oxa1 (for
oxidase assembly factor) affected cytochrome c oxidase biogen-
esis (22, 23) and the formation of the F1F0-ATP synthase (24).
Oxa1 was determined to be essential for translocation of the N-
and C-terminal tails of Cox2 (34, 35). Further studies showed
that Oxa1 is a general machinery for the insertion of proteins
from the matrix into the mitochondrial inner membrane. In
Saccharomyces cerevisiae, Oxa1 mediates the insertion of all
mitochondrially encoded membrane proteins: Atp6, Atp9,
Cox1, Cox2, Cox3, and cytochrome b (Cytb) subunits (36).

In addition to inserting mitochondrial encoded membrane
proteins into the inner membrane, Oxa1 mediates the insertion

of nuclear-encoded mitochondrial proteins. Hell et al. (37)
showed that the nuclear encoded Oxa1 is involved in its own
biogenesis. Oxa1 is synthesized in the cytosol and subsequently
imported into the mitochondria where it assembles into the
inner membrane. For this process, the Oxa1 machinery already
residing in the inner membrane is critical for the translocation
of the N-tail of the transported Oxa1, which is initially
imported into the matrix (37). Oxa1 also participates in the
membrane biogenesis of the nuclear encoded Mdl1, a six-trans-
membrane-spanning protein of the mitochondrial inner mem-
brane with its N and C termini in the matrix (38). During the
import of Mdl1 into the mitochondria, the TIM22 complex and
Oxa1 machineries cooperate to insert the protein into the
membrane. During this process, the TIM22 translocase
engages the Mdl1 membrane protein at the inner membrane
and integrates the N-terminal and C-terminal domains into
the membrane by a stop transfer mechanism. Strikingly, the
central region of Mdl1 is completely translocated into the mito-
chondrial matrix and then re-inserted into the inner membrane
by Oxa1.

A distinctive feature of Oxa1 is that it contains a long posi-
tively charged C-terminal tail exposed to the mitochondrial
matrix. This domain enables Oxa1 to be permanently bound to
the matrix-localized ribosome (12, 39). The ribosome-bound
Oxa1 is in proximity to the large ribosomal proteins Mrp20 (39)
and Mrp40 (40), which are homologous to bacterial ribosomal
proteins L23 and L34 and known to be located at the polypep-
tide exit site within the large ribosome subunit. Interestingly,
deletions in the mitochondrial Mrb20 and Mrp40 proteins,
which do not affect ribosomal protein synthesis, have profound
effects on the assembly of the oxidative phosphorylation com-
plexes in the inner membrane (40, 41). These and other studies
highlight the importance of Oxa1-ribosome complexes for the
assembly of respiratory chain complexes (40, 42).

Oxa2 (also called Cox18), the other Oxa1 paralog, is impor-
tant for the assembly of cytochrome c oxidase and specifically
for the biogenesis of Cox2, which is encoded in the mitochon-
drial genome and transfers the electron from cytochrome c to
Cox1. Oxa2 facilitates the post-translational translocation of
the C-terminal domain of Cox2 in both S. cerevisiae and Neu-
rospora crassa (8, 43, 44). In the inner membrane, Oxa2 forms a
complex with Pnt1 and Mss2 in which they cooperate together
in the biogenesis of Cox2 (43). Interestingly, the translocation
and assembly of Cox2 can occur in the absence of Oxa2; how-
ever, this requires Oxa1 to be overexpressed and the protein
Yme1 (an ATP-dependent mitochondrial protease residing in
the inner membrane that is also involved in protein folding)
(45) to act as a chaperone to help fold and assemble Cox2, lead-
ing to a functional cytochrome c oxidase complex (46).

Alb3 Family

In chloroplasts, transposon tagging in Arabidopsis thaliana
revealed that the ALB3 gene encodes a protein crucial for pho-
tosynthesis. Knockouts of the gene ALBINO3 (encoding Alb3)
led to a photosynthesis-defective mutant with an Albino ap-
pearance (26), giving rise to its name Alb3.

Alb3 is critical for the post-translational insertion of the
light-harvesting chlorophyll-binding protein (LHCP) into thy-

TABLE 1
Known substrates of each YidC homolog
The YidC family is used mainly to insert proteins associated with respiration. *,
non-native protein , aided by Oxa2.
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lakoids (47). LHCP is a nuclear encoded protein, which is
synthesized in a precursor form containing a stroma transit pep-
tide. It is imported from the cytosol into the chloroplast via the
TOC-TIC complex located in the envelope. After import into
the stroma and removal of the stroma-targeting peptide, the
LHCP forms a transit complex with the chloroplast SRP
(cpSRP) (48). cpSRP is unusual among SRPs in that it lacks RNA
and contains a novel protein subunit cpSRP43 (48) in addition
to cpSRP54 in Arabidopsis thaliana. It is also distinctive
because it is involved in both co-translational and post-transla-
tional targeting. The LHCP-cpSRP54-cpSRP43 transit complex
is then directed to the SRP receptor (cpFtsY) at the thylakoid
membrane (49), which requires GTP to be bound to both
cpSRP54 and cpFtsY. Interestingly, the two GTPase proteins
interact efficiently, which enables the chloroplast SRP pathway
to bypass the SRP RNA requirement seen in other SRP target-
ing systems (50). At the membrane, Alb3 recognizes, by utiliz-
ing its C-terminal domain, the cpSRP43 protein within the
transit complex (51). Additionally, part of the Alb3 membrane-
embedded domain is also involved in this cpSRP43 recognition
step (52). Following post-translational targeting of LHCP to the
membrane by cpSRP, Alb3 inserts LHCP into the thylakoid
membrane in a SecY-independent manner (53). We should
note that some chloroplasts contain SRP-RNA (like a majority
of SRP complexes) as well as cpSRP43 (54).

In addition to acting independently, Alb3 may function
cooperatively with the thylakoid cpSecYE translocase to insert
proteins co-translationally into the thylakoid membrane just as
the bacterial YidC can function with the SecYEG translocase.
Co-purification and cross-linking studies have established that
Alb3 interacts with cpSecY (55). Potential Alb3 substrates that
use the co-translation insertion pathway are D1, D2, CP43,
PS1-A, and ATPase subunit CF0III. These proteins interact
with Alb3 as demonstrated using the split-ubiquitin system
(56). However, so far, it has not been shown that these proteins
or any other membrane protein strictly requires both Alb3 and
cpSecY for insertion into the thylakoid membrane of plants.

The other chloroplast paralog, Alb4, has a weaker phenotype
in comparison with Alb3 disruption when a knock-out muta-
tion is made (9). Nevertheless, Alb4 is involved in thylakoid
biogenesis because the ultrastructure of chloroplasts shows
alterations in the knock-out (9). Characterization of the ALB4
knock-out in Arabidopsis thaliana reveals that Alb4 is involved
in the assembly of CF1CF0-ATP synthase because the alb4 null
mutant has reduced amounts of the ATPase subunits and Alb4
interacts with CF0II and CF1� subunits of CF1F0-ATP synthase
(31).

Besides playing important roles in plants, Alb3 homologs
have also been shown to perform critical functions in algae. In
Chlamydomonas reinhardtii, both Alb3 homologs, Alb3.1 and
Alb3.2, are crucial for photosynthesis (27, 57). The Alb3.2 para-
log is important for the assembly of Photosystem II (PSII) in the
thylakoid membrane because depletion of Alb3.2 leads to a
reduced amount of PSI and PSII (57). Alb3.2 has been proposed
to function as a chaperone during the assembly of the PSII and,
as predicted, was found to interact with the core D1 subunit of
PSII (57).

YidC Family

Six years after Sundberg et al. (23) established that the yidC
gene was present in the genome of both Gram-negative and
Gram-positive bacteria, the role of YidC in membrane protein
biogenesis was discovered. Scotti et al. (58) showed that YidC
can be cross-linked to newly synthesized FtsQ during mem-
brane protein insertion and that YidC co-purifies with SecYEG
and SecDFYajC. Furthermore, YidC was discovered to be
essential for the growth of E. coli and to promote the insertion
of the Sec-independent M13 phage procoat protein (59), which
was previously thought to insert by an unassisted mechanism.

The number of substrates that are inserted by the bacterial
YidC is believed to be much larger than the number of sub-
strates inserted by Oxa1 in mitochondria and Alb3 in chloro-
plast, partly because YidC can function both independently and
cooperatively with the Sec machinery. As an independent inser-
tase, YidC has been shown to insert Foc (subunit c of F1F0 ATP
synthase), MscL, the phage proteins M13 procoat and Pf3 coat,
and TssL, a tail-anchored membrane protein (59 – 65). Interest-
ingly, YidC is able to insert the tail-anchored protein TssL in
bacteria on its own, although a dedicated translocase that is not
present in bacteria is employed in eukaryotes (3). Together with
the Sec translocase, YidC promotes insertion of the F1F0 ATP
synthase subunits Foa and Fob, NuoK (NADH-quinone oxi-
doreductase subunit K), and CyoA (subunit 2 of the cyto-
chrome bo oxidase) (66 –71). Interestingly, in a recent study,
both SecY and YidC appear to be involved in the assembly of
Type IV prepilin in cyanobacterium Synechocystis PCC 6803
(72).

YidC performs its Sec-dependent function as part of a holo-
enzyme: a super-complex containing YidC, the SecYEG chan-
nel, and SecDFYajC (58, 73). In the holo-enzyme, YidC is in
close proximity to the SecYEG translocation channel (74)
where it can interact with membrane protein substrates as they
exit the channel through the lateral gate. The SecY lateral gate
(TM2b, TM3, TM7, and TM8) region is where membrane pro-
tein substrates exit (1) and can be cross-linked to YidC when
photoprobes are introduced into the lateral gate region (74).
Additional residues in this or other regions may also be impor-
tant for the YidC and SecY interaction. Recently, Li et al. (75)
discovered Gly-355 in TM2 and Met-471 in TM4 of the E. coli
YidC to be important for YidC-SecY interaction using a syn-
thetic lethal screen. It has been hypothesized that the interac-
tion of YidC with SecYEG is facilitated by SecDFYajC (76).
However, cross-linking between the SecY lateral gate and YidC
is seen even in the absence of SecDFYajC (74). Moreover, there
are populations of the Sec translocon in the membrane that
contain only YidC-SecYEG with no SecDFYajC present (77),
showing that YidC can interact directly with the SecYEG com-
plex. In the holo-complex, YidC functions to promote the
removal of transmembrane segments of inserting membrane
proteins from the Sec channel (78), facilitates their integration
into the lipid bilayer (79), and acts as an assembly site for multi-
spanning membrane proteins (80). As part of its folding func-
tion, YidC plays a direct role in the helix-helix packing of mem-
brane proteins (81, 82). This explains why YidC is required for
the folding, but not insertion, of LacY (81, 82) and MalF (83)
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and is required for the assembly of the maltose transporter
MalFGK (83).

Structure-function studies revealed that the conserved
five-TM segment region of the E. coli YidC is critical for its
function in membrane protein insertion (84). However, the
large periplasmic region of the E. coli YidC is not essential for
the insertase function. X-ray crystallographic studies showed
that the periplasmic domain has a �-super sandwich fold,
which is found in proteins that bind sugars and may play some
role in the folding of newly inserted proteins (85, 86). One cryo-
electron microscopy study revealed that YidC may function as a
channel because YidC was able to form a homodimer (87). The
YidC dimer was found to sit at the exit channel of the ribosome
near the predicted L23 protein. Another cryo-EM study
showed that YidC was bound to the ribosome as a monomer
(88). Although it is not entirely clear what the native state is in
vivo, data suggest that the functional unit of YidC is a monomer
(89).

Recent Insights

In the year 2014, Kumazaki et al. (90) reported the first crys-
tal structure of YidC, a landmark contribution to the membrane
biology field. The x-ray structure of YidC was solved from
Bacillus halodurans at 2.4 Å resolution. Remarkably, the struc-
ture showed that the five membrane-embedded TM segments
of YidC contain a hydrophilic cavity within the inner leaflet of
the membrane, which is closed from the extracellular side of the
membrane (Fig. 1, A and B). Interestingly, the hydrophilic
groove is open to the cytoplasm and the lipids of the membrane.

At the entrance of the hydrophilic cavity on the cytoplasmic
side of the membrane is a helical hairpin-like domain that may
be involved in the initial recruitment of YidC substrates.
Intriguingly, the hydrophilic groove contains the strictly con-
served positively charged arginine residue Arg-73, which is
essential for YidC1 to promote growth in a B. subtilis YidC1
depletion strain and for YidC1 to promote membrane inser-
tion of the single-span MifM protein (90). Arg-73 is pro-
posed to attract the negatively charged residues in the MifM
translocated region because substitution of the three nega-
tively charged MifM residues to neutral residues prevented
translocation.

In addition to the novel hydrophilic groove, the structure
also provided some intriguing information about the dynamics
of YidC. Kumazaki et al. (90) isolated two distinct forms of YidC
(PDB IDs 3WO6 and 3WO7) that had varied positions of the C1
loop between TMs 1 and 2. The cytoplasmic halves of the TM
segments, which make up the groove, also showed positional
variance when the two structures are compared. This was cor-
roborated with high crystallographic B-factors in these regions
as well as by molecular dynamics simulations. Two other recent
studies also pointed to the dynamic and flexible nature of this
region (91, 92). Flexibility was observed in membrane vesicles
by utilizing intramolecular chemical cross-linking of the E. coli
YidC (91). There was cross-linking between the conserved core
transmembrane segments with a wide range of different sized
cross-linking agents, which suggests that the flexibility occurs
in vivo.

FIGURE 1. Crystal structures of YidC homologs. A–D, ribbon representations of the B. halodurans (A and B) and E. coli (C and D) YidC viewed transversely
through the membrane with the E. coli P1 domain omitted for simplicity. The conserved arginine residue is shown in purple. The structures are very similar
except for the orientation of the C1 domain, shown in cyan.

MINIREVIEW: Membrane Protein Insertases

JUNE 12, 2015 • VOLUME 290 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 14869



Additionally, Wickles et al. (92) performed protein evolu-
tionary co-variation analysis, lipid-versus-protein-exposure,
and molecular dynamics simulations with the E. coli YidC and
were able to determine a model that closely matched the crys-
tallographic structure. The helical hairpin between TM2 and
TM3 of the E. coli YidC (TM1 and TM2 of B. halodurans) was
also predicted by this study along with the flexibility of this
region. Thinning of the membrane was observed during molec-
ular dynamics simulations, which could provide some insight
into the translocation mechanism. Given the fact that the
hydrophilic cavity spans only the inner leaflet of the membrane,
thinning of the membrane could help decrease the energy
required to finish translocation across the outer leaflet.

The crystal structure of the Gram-negative E. coli YidC was
also reported (PDB ID 3WVF) in late 2014 to 3.2 Å by Kumazaki
et al. (93). Like the Gram-positive B. halodurans structure, the
five conserved core TMs are tightly packed in the periplasmic
half of the membrane and spread out in the cytoplasmic half
(Fig. 1,C and D). The E. coli YidC also contains a hydrophilic
groove, which is open to the cytoplasm and membrane. The C1
region forms a helical hairpin that is flexible based on crystal-
lographic B-factors, but the arrangement is rotated when com-
pared with the B. halodurans structure. Previously crystallized,
the P1 domain was also present, and the large cleft was shown to
be oriented away from the membrane, which could allow it to
bind substrate proteins or molecules as proposed previously
(85, 86).

Interestingly, most of the previously reported substrate con-
tacts (90, 94, 95) are located in the hydrophilic groove between
TM3 and TM5 of the E. coli YidC. Others are found on the
exterior region of these TMs as well as in the hydrophilic groove
located on other TM segments (93) (Fig. 2). It is likely that
residues facing the center of the hydrophilic cavity are involved
with binding of the hydrophilic translocated region of the sub-
strate, whereas those facing the membrane help insert and lat-
erally integrate the hydrophobic segment of the substrate into
the membrane. In addition to reporting the structure, the
authors also investigated the importance of the conserved argi-

nine residue using a complementation assay. Hydrophilic
groove mutations were able to rescue growth at 37 °C except for
T362A, which was previously shown to be inactive (93). How-
ever, two cold-sensitive mutants (R366A and R366M) were
lethal at 20 °C, which the authors propose illustrates an impor-
tant role for the conserved positive charge under certain
conditions.

The importance of the evolutionarily conserved positive
charge for the function of the YidC family was also probed by
Chen et al. (96) in a recent publication. The positive charge was
determined to be essential for the Gram-positive Streptococcus
mutans YidC2 much like the results observed in B. subtilis (90).
For E. coli and chloroplast homologs, the charge was not essen-
tial for function in an E. coli YidC depletion strain. Mitochon-
drial Oxa1 had been studied previously, and the conserved
charge was determined to be important for activity (97). Varia-
tion was observed for the importance of the charge when dif-
ferent substrates were analyzed, which suggests that there are
different insertion requirements based on the characteristics of
the substrate (96). Additionally, by making deletions and muta-
tions, the C-terminal half of the conserved helical hairpin was
found to be important for the activity of E. coli YidC (96).

Insights into how YidC is able to perform multiple roles via
interactions with a plethora of Sec substrate proteins have been
made recently on various fronts. By isolating a stable holo-
translocon (HTL) from E. coli, Schulze et al. (73) were able to
determine the components present, the ratios, and some inter-
actions. They observed two versions of the HTL; the first con-
tained one copy of SecYEG, YidC, SecDF, and YajC that func-
tions in membrane protein insertion, whereas the second was a
SecYEG dimer that functions in protein export. Interactions
were also determined through dithiobis(succinimidyl propi-
onate) chemical cross-linking and were formed between
SecD/YidC as well as between SecY, E, and G. The functional
state of YidC not in the HTL is still unknown, but it appears as
though YidC is a monomer in membranes (89).

The crystal structures of YidC also provide insight into the
mechanism by which YidC functions as a translocase (90) (Fig.

FIGURE 2. Substrate contacts of YidC. A, the structure of the E. coli YidC with the previously determined (90, 94, 95) Sec-independent substrate contacts shown
in purple. B, close-up view of the area boxed in A with the residues labeled. Ile-478 and Tyr-517 were determined in the B. halodurans YidC.
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3). In the initial step, a YidC substrate binds to the membrane
(Fig. 3A). Subsequently, the N-tail region of the substrate is
recruited to the YidC hydrophilic groove facilitated (Fig. 3, B
and C), in some cases, by the interaction of the negatively
charged residues in the N-tail with the positively charged argi-
nine in the aqueous cavity. The N-tail is then released from the
groove and crosses the outer leaflet of the membrane. This lat-
ter step is believed to be catalyzed by the action of the electrical
potential (positive side in the periplasmic space) acting on the
negative charged residues in the translocated region of the sub-
strate and by hydrophobic interactions between the substrate
TM segment and YidC (Fig. 3C). The TM segment of the sub-
strate most likely moves along a greasy slide formed by TM3
and TM5 of the E. coli YidC to form a transmembrane config-
uration. In the final step, the inserted membrane protein is
released from YidC (Fig. 3D). Presumably, a similar mechanism
would be used for the YidC substrate TssL; the only difference
would be that the C terminus is translocated.

Two recent studies have started to lay the framework for
determining the characteristics of substrates that govern the
insertion machinery used for integration into the membrane.
Zhu et al. (98) proposed that the charge composition of the
translocated periplasmic domain or the transmembrane seg-
ment could determine which pathway model single-span mem-
brane proteins used for insertion. Hydrophobic TM segments
could insert independently, and decreasing the hydrophobicity
could lead to a dependence on YidC, SecYEG, or both. A posi-
tive charge in a translocated loop required YidC/SecYEG,
whereas a negative charge in the loop only required YidC,
which corresponds nicely to the mechanism proposed by
Kumazaki et al. (90) A more in-depth study was able to predict-
ably alter the requirements of a translocated loop in the M13
procoat protein by changing the polarity and charge of the loop
(99). Lowering the polarity and number of charges enabled the
substrate to translocate via an independent mechanism,
whereas increasing the polarity caused YidC and YidC/Sec to
be required. By increasing the hydrophobicity of the transmem-
brane segments, Soman et al. (99) were able to lower the trans-
locase requirement.

These two recent studies build upon the framework laid by
earlier studies in the mitochondria as well as E. coli. In the year
2004, Herrmann et al. (100) determined that Oxa1 was impor-
tant for the insertion of proteins with highly charged domains
and, more specifically, for proteins with negative charges in the

translocation region. Negative charges in the TMs of NuoK
were shown to be determinants for YidC, and mutating these
residues to lysines caused the protein to become dependent on
the Sec complex for insertion (71). The authors also proposed
that the conserved role of YidC for respiratory proteins could
be due to the fact that respiratory proteins often have negative
charges that are essential for function. By utilizing a genome-
scale approach, Gray et al. (101) discovered that substrates with
charge unbalanced TM segments were significantly more likely
to depend on YidC for insertion. However, many of the YidC-
dependent proteins identified did not have unbalanced TM
segments, and it was proposed that other features also contrib-
ute to a protein’s requirement for YidC.

Conclusion

The YidC/Oxa1/Alb3 proteins are a novel group of insertases
that function to insert, fold, and assemble proteins into the lipid
bilayer. They are particularly important for the assembly of
energy-transducing complexes vital for cellular respiration and
photosynthesis. Unlike the Sec translocases, the YidC/Oxa1/
Alb3 insertases can translocate only short hydrophilic regions
of membrane proteins across the membrane and seem to play a
more prominent role in the folding of membrane protein
substrates.

The emerging structural data suggest that the members of
the YidC/Oxa1/Alb3 family of proteins do not function as
channels. Rather, they promote the transport of hydrophilic
regions of membrane proteins by possessing a hydrophilic
groove within the inner leaflet of the membrane. This novel
structural feature has not been found to date in other translo-
cases. Recent studies suggest that the hydrophilic cavity most
likely recruits the hydrophilic region of the substrate, thus
allowing it to transfer halfway across the membrane. It is then
released from the groove in a manner not completely under-
stood and crosses the outer leaflet of the membrane. In light of
the recent advancements, this is an exciting time for the mem-
brane protein field, and we are poised to finally understand the
intricacies of how proteins are inserted into the membrane and
how YidC and Sec are able to work cooperatively to accomplish
this complex process.
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Sphingosine was named by J. L. W. Thudichum for its enig-
matic properties. This descriptor has applied to sphingolipids
for over a century because new enigmas continue to surface.
This JBC minireview series presents articles about three novel
subspecies of sphingolipids, �-galactosylceramides, 4,5-dihy-
droceramides, and 1-deoxysphingolipids, that have important
activities but, until recently, remained undetected (or at least
understudied) in the shadow of very closely related compounds.
They also serve as a reminder that important metabolites still lie
“off the radar screen” in reports of global and comprehensive
metabolomic profiling.

Sphingolipids are one of the eight major categories of lipids
(1) and are defined by the presence of a sphingoid base back-
bone (2, 3), with sphingosine (Fig. 1) displayed most frequently.
The backbone is usually derivatized with an amide-linked fatty
acid and/or a headgroup attached to the hydroxyl on carbon 1,
as also depicted in Fig. 1 (4).

These compounds have long been considered to be enigmas
(mysterious and puzzling riddles) beginning with the initial
naming of “sphingosin” in the 1880s by J. L. W. Thudichum (5).
However, a substantial number of mysteries have been clarified
over the past several decades as much has been learned about
their structures and biophysical properties (6 – 8), biosynthesis
and turnover (4, 9 –11), interactions with proteins (12–14), and
roles in cell-cell communication and signaling (13, 15–17). So
have all the enigmas been solved?

This minireview series illustrates how subtle structural fea-
tures of sphingolipids still have the capacity to surprise. The
articles describe findings with naturally occurring deviations
from three “hallmarks” of mammalian sphingolipid structure:
the �-glycosidic linkage of the first carbohydrate attached to
ceramide, the 4,5-double bond of the sphingoid base, and the
hydroxyl on carbon 1 of the sphingoid base (Fig. 1).

The first minireview in the series, “The alpha and omega of
galactosylceramides in T cell immune function” by Birkholz et
al. (18), describes a monohexosylceramide that differs from the
predominant glycosphingolipids made by mammals in having
an �-linked rather than the �-linked sugar shown in the fig-
ure. A subset of T lymphocytes called natural killer T cells

(NKT cells)2 recognizes glycolipids, predominantly �-linked
glycosphingolipids, when they are bound to the cell surface pro-
tein CD1d. By activating NKT cells, synthetic �-linked glyco-
sphingolipids can have profound effects on T cell immune
responses. Structure-function studies have found fascinating
contributions from the lipid backbone (19), and clinical trials of
some of these derivative compounds as vaccine adjuvants are
planned. Similar compounds are found in soil bacteria, and an
interesting recent discovery has been that �-galactosylcer-
amides are produced by Bacteroides fragilis, a prominent mem-
ber of the human gut microflora (20). This expands the possible
impact of these compounds beyond just their pharmaceutical
(and basic research) applications into their possible roles in
affecting gastrointestinal immune function and the complex
relationship of the host with the microbiome. Self-glycosphin-
golipids with �-linked sugars are much weaker antigens, but
they can also stimulate NKT cells. Recent work suggests, how-
ever, that mammalian cells may also produce small amounts of
�-linked glycosphingolipids, and these may contribute to the
tightly regulated but essential self-reactivity of NKT cells.

The second minireview, “Dihydroceramides: from bit players
to lead actors” by Siddique et al. (21), discusses intermediates of
de novo sphingolipid biosynthesis that do not have the 4,5-dou-
ble bond of sphingosine (Fig. 1). Until recently, they were
thought to be essentially inert (indeed, they were added to cells
as controls for studies of the bioactivity of ceramides), but
advanced detection techniques that facilitated the resolution of
ceramides and dihydroceramides led to the surprising finding
that drug effects previously attributed to ceramides were in fact
driven by the dihydroceramides (22). Indeed, experimental
inhibition (23) or depletion (24) of the desaturase that converts
dihydroceramides to ceramides in mammalian cells revealed
distinct and non-overlapping functions of these endogenous
sphingolipids. Independent roles for dihydroceramides are
emerging as players in autophagy, hypoxia, and metabolic con-
trol, and they have been implicated in the etiology or treatment
of diabetes, cancer, and neurodegenerative diseases (24).

The third minireview, “1-Deoxysphingolipids encountered
exogenously and made de novo: dangerous mysteries inside an
enigma” by Duan and Merrill (25), describes a subcategory of
sphingoid bases that lack the hydroxyl group on the first carbon
(Fig. 1). These types of compounds were known to be produced
by fungi and other organisms (3), and to be of health interest as
mycotoxins (26) and as potential anticancer compounds that* The authors declare that they have no conflicts of interest with the contents

of this article.
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surfaced in screens of aquatic organisms (27). Thus, it was sur-
prising to learn that mammals can also make 1-deoxy-sphingo-
lipids (28) because wild-type serine palmitoyltransferase can
accommodate L-alanine in addition to L-serine, and further-
more, that mutations that increase L-alanine utilization and
1-deoxysphingolipid production cause sensory neuropathies
(29, 30). Elevations in these bioactive compounds have also
been found in diabetes (31), non-alcoholic steatohepatitis (32),
and when serine biosynthesis is defective (33), and can be envi-
sioned for other conditions where metabolic changes or diet
alter the amounts.

The findings with these novel compounds illustrate that our
understanding of structure and function for sphingolipids is
still in its infancy. This should be kept in mind when interpret-
ing claims of “global” and “comprehensive” profiling of the
metabolome because most of the bioactive sphingolipids,
including ones yet to be discovered, still lie “off the radar
screen” of such analyses.
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Glycosphingolipids are a subgroup of glycolipids that contain
an amino alcohol sphingoid base linked to sugars. They are
found in the membranes of cells ranging from bacteria to verte-
brates. This group of lipids is known to stimulate the immune
system through activation of a type of white blood cell known as
natural killer T cell (NKT cell). Here we summarize the exten-
sive research that has been done to identify the structures of
natural glycolipids that stimulate NKT cells and to determine
how these antigens are recognized. We also review studies
designed to understand how glycolipid variants, both natural
and synthetic, can alter the responses of NKT cells, leading to
dramatic changes in the global immune response.

T lymphocytes are important cells of the adaptive immune
response, and natural killer T cells (NKT cells)2 are a type of T
lymphocyte. NKT cells were originally characterized as having
cell surface markers expressed by innate immune cells such as
NK1.1 in mice (1) and CD161, CD57, and CD56 in humans
(2– 4), as well as a T cell antigen receptor (TCR), a protein
expressed by adaptive immune cells (5, 6). However, recent
studies have indicated that only a portion of the NKT cells
express NK1.1 in mice or CD161 and the other markers in
humans, but all NKT cells are defined by a particular TCR spec-
ificity (7). Although most T lymphocytes recognize peptide
fragments bound to or presented by MHC-encoded class I mol-
ecules, a subset of T cells, described below, recognizes glyco-
sphingolipids (GSLs) and some other types of glycolipids. These
GSLs are recognized when they are presented by CD1d, a cell
surface protein homologous to MHC class I molecule (7, 8). The
GSLs fall within the larger family of sphingolipids, or lipids that
have ceramide as a core entity (9). Ceramides contain a sphin-
goid base with an amide linkage to a fatty acid chain (10) (Fig.

1A). Both of these chains can vary in saturation, length, branch-
ing, and hydroxylation. Natural sphingoid bases consist of
sphingosines, sphinganines, or phytosphingosines (Fig. 1B);
however, synthetic variants can deviate from these structures.
The most common, natural fatty acid chain lengths are C:16
and C:18, but the lengths of natural and synthetic GSL fatty
chains range from very few carbons to greater than C:30. The
sphingoid base of GSLs has a 1�-1 glycosidic linkage to the car-
bohydrate head group, which is most commonly galactose or
glucose, with gangliosides having more complex oligosaccha-
ride structures (11). Because the 1� carbon is asymmetric, it
might be oriented in either an � or a � linkage (Fig. 1, C and D);
however, the � orientation is the dominant linkage in mammals
(12).

There are several types of lipid-reactive NKT cells in mam-
mals that can respond within hours of GSL stimulation by pro-
ducing cytokines (7). The kinetic properties of this response are
similar to innate immune cells. Type I, or invariant NKT
(iNKT) cells, are one type of NKT cell. The moniker “invariant”
for iNKT cells arises because these cells have an essentially
identical TCR � gene rearrangement, using the V�14 segment
in mice and the homologous V�24 (TRAV10) in humans (8).
The invariant � chain is co-expressed with a restricted diversity
of � chains, V�11 (TRBV25-1) in humans and V�8.2, V�7, and
V�2 in mice (8). Type II NKT cells have a wider diversity of �
and � chains. Because of their diverse TCRs and the relative
lack of reagents to detect them, Type II NKT cells have been less
studied (13). Here we will discuss the knowledge (alpha to
omega) of studies on GSL recognition by both Type I and Type
II NKT cells.

Presentation of GSLs by CD1d

The first GSL antigen for iNKT cells with a defined structure
was �-galactosylceramide (�GalCer), which has a galactose in
1�-1 � linkage to a phytosphingosine base (Fig. 1C). To date, it
remains the most studied antigen for iNKT cells, and it is
among the most potent that have been identified. �GalCer was
identified from structure activity relationship studies around
Agelasphin 9b (Fig. 1E) by Kirin Pharmaceuticals in a screen for
naturally occurring molecules that prevented tumor metastases
in mice (14). This synthetic version, also known as KRN7000,
retains the activity of Agelasphin 9b while being much easier to
synthesize (15). The strategic simplifications included remov-
ing the fatty acid C2 hydroxyl group and the terminal branching
of the sphingoid base. By also elongating the sphingoid base
chain to C:18 and the fatty acid chain to C:26, the stimulatory
activity of Agelasphin 9b was maintained for �GalCer.

GSLs such as �GalCer bind to the CD1d antigen-presenting
molecule in a defined orientation (16). CD1d has two hydro-
phobic pockets termed A� and F�. The sphingoid base chain
localizes to the F� pocket in the CD1d hydrophobic groove, and
the fatty acid localizes to the A� pocket (17) (Fig. 2A). This
allows for optimal hydrogen bonding as well as optimal orien-
tation of the saccharide head group for recognition by the iNKT
cell TCR. The sugar linked to the sphingoid base plays a prom-
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inent role in the molecular determinant recognized by the
iNKT cell TCR, with a galactose, in most cases, being the most
potent moiety (Fig. 1C) (18). Although �-linked sugars (Fig. 1C)
provide a much more potent activation of iNKT cells, the gly-
cosidic bond to lipids is likely a �-linkage in mammals (Fig. 1D)
(19, 20). Recent evidence suggests, however, that there are some
GSLs with �-linked sugars in mammals (21), although their
complete structure has not been determined and these GSLs
are not abundant (22).

GSL Activation of iNKT Cells Alters the Immune Response

Relatively minor changes in the structure of the activating
GSL antigen can cause very different types of immune re-
sponses (17). For example, certain GSLs can lead to a Th1
immune response (23). The Th1 response is characterized by
the secretion of cytokines such as IFN-�. IFN-� is crucial for
defense against intracellular pathogens, and it is important in
the response against cancers. Conversely, other GSLs can cause
the immune system to skew more toward a Th2 response (24),
which is responsible for extracellular pathogen destruction and
is characterized by secretion of the cytokine IL-4 and other
cytokines. An excessive Th1 response can lead to autoimmu-
nity or chronic inflammation, and an excessive Th2 response
can lead to allergies and asthma (25). Therefore, both of these
immune responses must be tightly regulated for immune
homeostasis, and interestingly, Th1 and Th2 responses inhibit
one another. The diverse outcomes following immunization
with particular GSLs make them potential therapeutic agents

for regulating immune responses and preventing immune-me-
diated disorders.

Although it is not known how subtle variations in GSL struc-
ture affect the immune response, several alternative hypotheses
have been proposed. Some data suggest that Th1 responses
depend on prolonged antigenic stimulation of iNKT cells, and
this may be due to several factors, including enhanced GSL
chemical stability in vivo, more stable binding of the GSL to
CD1d, or increased TCR affinity for the GSL complex with
CD1d (17). Alternatively, GSLs may have differential effects on
antigen-presenting cells (APCs), for example, by trafficking to
different components of the cell and inducing the expression of
different cell surface molecules that influence immunity (27).

Among the factors that might contribute to prolonged anti-
genic stimulation, increased TCR affinity for the GSL-CD1d
complex is not a good predictor of the type of immune response
that will result (28, 29). Multiple studies have demonstrated
that it is difficult to obtain a GSL with a higher affinity than
�GalCer for the iNKT cell TCR by altering the sugar head
group or by modifying the ceramide lipid in either the sphin-
goid base or the carboxylic acid. Crystallization studies have
identified a similar docking motif of the iNKT TCR on the GSL-
CD1d complex regardless of the modifications that have been
analyzed (Fig. 2A) (30, 31). The iNKT cell TCR, in each case, is
oriented over the F� pocket of CD1d in a parallel orientation
with the CD1d � helices, and the TCR uses germline-encoded
residues in the CDR1�, CDR3�, and CDR2� loops to recognize
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the CD1d-presented lipid. A version of �GalCer derivatized at
the 6� carbon, �-GalCer-6�-(pyridin-4-yl) carbamate, pro-
moted a very strong Th1 response as compared with �GalCer,
and crystallographic analysis showed that this GSL bound to
CD1d made extra contacts with the TCR. Despite this, SPR
measurement of TCR affinity for this GSL-CD1d complex did
not demonstrate more avid binding as compared with �GalCer-
CD1d complexes (32).

As compared with TCR affinity for GSL-CD1d, there is a
stronger correlation of a Th1 immune response with the
strength of the interaction of the lipid with CD1d. GSL antigens
that have more contacts with CD1d, and/or that are packed
more tightly within the A� and F� pockets, are likely to be pre-
sented for a longer time by APCs. For example, the alteration of
the sphingoid base chain to contain a bulkier cyclopropyl group
(compound SMC124, Fig. 3A) (33) or phenyl group (7DW8-5)
(34) led to a stronger Th1 response in mouse or human models,
respectively. CD1d presentation of SMC124 by APC in vivo was
more stable over 22 h as compared with �GalCer, perhaps due
to an enhanced GSL-CD1d interaction. Crystal structure anal-
ysis of the SMC124-CD1d complex indicated that this lipid may
bind in a more compact orientation within the F� groove of
CD1d. Another example of a GSL promoting a Th1 cytokine
response that might be related to enhanced interaction with

CD1d is provided by the lipid naphthyl-urea-�GalCer, which
has a naphthyl urea group linked to the 6� position of the sac-
charide (Fig. 3B). Crystal structure analysis demonstrated that
the naphthyl urea group folds over and makes additional con-
tacts with the surface of the CD1d molecule when the TCR is
engaged (35). Conversely, the GSL OCH (Fig. 3C), which causes
primarily a Th2 response, has a shortened sphingoid base chain
and thus lacks some GSL-CD1d contacts that could stabilize
the complex (24). Although these results are persuasive with
regard to the important role of the GSL-CD1d interactions, the
ability to promote a Th1 response depends on the interactions
of iNKT cells with multiple cell types, and the causes of a Th1
cytokine response are likely to be multifactorial.

Microbial GSL Antigens for iNKT Cells

Several microbial GSLs have been shown to activate iNKT
cells. The microbiome has been a highly researched area in
recent years, and we are only beginning to understand the role
that commensal bacteria play in the immune system. Research
has shown that the development of iNKT cells is influenced by
the microbiome directly or indirectly through other cell types
(36, 37). Germ-free mice had a slightly reduced iNKT cell pop-
ulation in the liver, spleen, and thymus as compared with nor-
mal mice, and iNKT cells from germ-free mice were hypo-re-
sponsive, whereas mice colonized with a restricted flora had an
even more significant decrease in iNKT cells (36). These data
suggest that the large differences in the frequency of iNKT cells
in the peripheral blood of humans could be related to micro-
flora. In contrast, germ-free mice had increased numbers of
iNKT cells in the colon, lamina propria, and lungs (37, 38), and

A.

B.

FIGURE 2. Structures of GSL-mouse CD1d complexes and trimolecular
structures with the TCR. A, left, structure of the iNKT cell TCR binding to
�GalCer-CD1d. The TCR � chain is in cyan, and the � chain is orange. The CD1d
heavy chain is in gray, and the associated �2-microglobulin light chain is in
violet. Right, expanded view of �GalCer (blue and red) in the CD1d binding
groove (gray). The �1 and �2 helices of CD1d are labeled; the F� pocket bind-
ing the phytosphingosine is on the left, and the acyl chain-binding A� pocket
is on the right. Taken from PDB code 3HE6. B, left, structure of a Type II NKT cell
TCR binding to lyso-sulfatide-CD1d. Color scheme is the same as in panel A
with lysosulfatide hydrocarbons in green. Right, expanded view of lysosul-
fatide (green, red, and yellow) in the CD1d binding groove (gray). Taken from
PDB code 4ELM.
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these cells are hyper-responsive, which led to exacerbated
inflammation in models of inflammatory bowel disease and
allergic asthma. Early life exposure to microbes could reverse
the increased number and hyper-reactivity of iNKT cells and
the susceptibility to inflammatory disease. These data lend sup-
port to theories that relate early childhood exposure to mi-
crobes to a decrease in immune-mediated diseases, the so-
called hygiene hypothesis (39).

The commensal bacteria Sphingomonas spp. and Bacteroides
fragilis are two microbial species that have GSL antigens that
activate iNKT cells. Sphingomonas spp., which are �-proteo-
bacteria, were discovered to have two GSL antigens for iNKT
cells, GSL-1 and GSL-1�, which have either a glucuronic or a
galacturonic saccharide, respectively, linked to a ceramide
backbone having a sphinganine base (40, 41). Different Sphin-
gomonas species produce variable GSLs, in some cases with
oligosaccharide moieties containing three or four sugars, but
GSLs with more complex sugars do not strongly activate iNKT
cells (42, 43).

B. fragilis have an assortment of membrane phospholipids
including sphingolipids. When the repertoire of sphingolipids
was assessed, an isoform of �GalCer with methyl branches in
the lipid chains was identified. This compound can activate
both mouse and human iNKT cells (44), although in another
study, it was reported that this GSL can serve as an antagonist
(45).

Mammalian GSL Antigens for iNKT Cells

Mammalian GSLs represent potential self-antigens. Like
other T lymphocytes, the TCR of iNKT cells must interact with
ligands in the thymus to survive (46). Unlike other T cells, iNKT
cells also are self-reactive as mature cells, but this self-reactivity
is controlled, in part, through the expression of inhibitory
receptors (47). The nature of the thymic self-ligands and stim-
ulating self-antigens for mature iNKT cells is controversial, but
some data suggest that they include both GSLs and other types
of lipids (19, 20, 48). Nonetheless, certain mammalian or self-
GSLs stimulate iNKT cells. Although initially it was thought
that only GSLs with �-anomeric lipids could be antigens for
iNKT cells, �-linked GSLs were also shown to activate them
(49, 50), although they are weaker antigens than their �-ano-
meric counterparts. The crystal structure of �-galactosylcer-
amide (�GalCer) bound to mouse CD1d in complex with the
iNKT cell TCR revealed that the TCR was able to squash or
push the orientation of the �-linked galactose to a similar ori-
entation as the galactose in the �GalCer CD1d-GSL-iNKT cell
TCR trimolecular complex (51). The closely related �-D-
glucopyranosylceramide, a sphingosine containing GSL with a
C24:1 fatty acid (Fig. 1D), may activate both human and mouse
iNKT cells (52), although recent studies indicate that this acti-
vation is due to a possible natural �-anomeric GSL (21). The
GSL isoglobotrihexosylceramide (iGb3), a trisaccharide con-
taining GSL with glucose in �-1�-1 linkage to the sphingosine
base, also activated iNKT cells. This antigen was discovered
after noting that mice lacking �-hexosaminidase b, which
removes the terminal �-linked GalNAc residue of isoglobo-
tetrahexosylceramide (iGb4) to make iGb3, had a reduced
number of iNKT cells (53). Although iGb3 can participate along

with other self-antigens, the analysis of mice deficient for iGb3
synthase indicates that it is not essential for iNKT cells (54).

Type II NKT Cells and the Sulfatide GSLs

Type II NKT cells, as mentioned earlier, do not express an
invariant TCR � chain, and consequently, they have diverse
specificities. However, a number of Type II NKT cells recognize
sulfatide (Fig. 3D), a GSL composed of �GalCer with the galac-
tose sulfated at the 3� position. In a mouse model of multiple
sclerosis, sulfatide-reactive Type II NKT cells were specifically
recruited to the central nervous system (55). Natural isoforms
of sulfatide differ with regard to the fatty acid and sphingoid
base, and it was a lyso-sulfatide that showed the greatest anti-
genic potency when tested with a particular Type II NKT cell
hybridoma (56). Interestingly, the Type II NKT cell TCR, which
has been crystalized in complex with sulfatide antigen bound to
CD1d, has a completely different binding mode as compared
with the iNKT cell TCR. The sulfatide-reactive Type II NKT
cell TCR is oriented over the A� pocket of the CD1d molecule,
with predominant binding interactions with the TCR � chain
(26) (Fig. 2B).

Conclusions

The relationship of GSLs and the T cell branch of the
immune system has been studied extensively through studies of
Type I and Type II NKT cells. Many synthetic, microbial, and
mammalian GSLs have been tested, and some have been shown
to activate one or the other type of NKT cells and influence the
overall immune response. The exact mechanism whereby acti-
vated iNKT cells can skew the immune response in either the
Th1 or the Th2 direction is not completely understood, but
efforts are underway to develop compounds that give a strong
and predictable cytokine response in humans so that GSLs can
be used in clinical settings.
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Sphingolipid synthesis involves a highly conserved biosyn-
thetic pathway that produces fundamental precursors of com-
plex sphingolipids. The final reaction involves the insertion of a
double bond into dihydroceramides to generate the more abun-
dant ceramides, which are converted to sphingomyelins and
glucosylceramides/gangliosides by the addition of polar head
groups. Although ceramides have long been known to medi-
ate cellular stress responses, the dihydroceramides that are
transiently produced during de novo sphingolipid synthesis
were deemed inert. Evidence published in the last few years
suggests that these dihydroceramides accumulate to a far
greater extent in tissues than previously thought. Moreover,
they have biological functions that are distinct and non-over-
lapping with those of the more prevalent ceramides. Roles are
being uncovered in autophagy, hypoxia, and cellular pro-
liferation, and the lipids are now implicated in the etiology,
treatment, and/or diagnosis of diabetes, cancer, ischemia/
reperfusion injury, and neurodegenerative diseases. This
minireview summarizes recent findings on this emerging
class of bioactive lipids.

“Remember: there are no small parts, only small actors.” Kon-
stantin Stanislavsky (Russian Actor, 1863–1938).

Sphingolipids are the second largest class of membrane lip-
ids, and thousands of distinct species have been identified (see
the LIPID MAPS Lipidomics Gateway). They have a diverse
array of functions related to cell survival, membrane integrity,
metabolic regulation, and general adaptations to cellular stres-
sors. Despite the incredible complexity of the sphingolipid
pool, their production relies on a simple and highly conserved
four-step de novo synthesis pathway (1). The final reaction
involves the insertion of a double bond into dihydroceramide
(Fig. 1) to convert it to ceramide, the precursor for the prepon-
derant complex sphingolipids.

Two distinct dihydroceramide desaturases (DES1 and
DES2)3 catalyze the desaturation reaction, with DES1
accounting for ceramide synthesis in most tissues (2, 3). By

contrast, DES2, which also contains c-4 hydroxylase activi-
ty and thus also generates phytoceramides, is prevalent in
skin, intestine, and kidney. Much of the work implicating
dihydroceramides or other complex dihydrosphingolipids
in biology involves pharmacological inhibition or ablation
of the genes/mRNAs encoding these endoplasmic reticu-
lum-resident proteins to elevate levels of the endogenous
lipids.

The double bond that distinguishes dihydroceramides from
ceramides markedly alters the biophysical properties of the
molecules, modifying their elastic properties and packing
behavior (4). Like ceramides, dihydroceramides are also pre-
cursors for complex sphingolipids (e.g. dihydrosphingomyelin
and dihydroglucosylceramides/dihydrogangliosides) (Fig. 1)
(5). Unlike ceramides, they are far less abundant, and were for
years deemed inert. In an early study demonstrating that cer-
amide was bioactive, Hannun and co-workers (6, 7) found that
the desaturation of sphingolipid metabolites through the intro-
duction of the double bond altered their function, as short-
chain analogs of ceramide were able to induce apoptosis and
block cell growth, whereas analogs of dihydroceramides were
ineffective. Multiple other groups, including our own, used
these water-soluble analogs to come to the conclusion that the
dihydro-forms of the lipids were ineffectual in a wide range of
biological responses such as platelet aggregation (8), cell
growth (9), DNA damage (10), regulation of ion channels (11,
12), and inhibition of insulin signaling and glucose uptake (13).
As a result, the mistaken dogma emerged that dihydrocer-
amides are biologically inactive.

A critical breakthrough revealing that dihydroceramides
might have regulatory roles in biology came from an unlikely
discovery from the Merrill group (14). They profiled the sphin-
golipidome of cells treated with fenretinide (N-(4-hydroxyphe-
nyl)retinamide), a vitamin A analog with chemotherapeutic
properties. The compound has been widely studied and is in
clinical trials for treatment of various cancer pathologies and
glucose intolerance. The drug had been thought to induce cer-
amide, a presumed mechanism by which it might induce apo-
ptosis, slow proliferation, and therefore halt tumor growth.
However, the application of refined mass spectroscopic tech-
niques revealed that it was in fact the precursor dihydrocer-
amides and other dihydroceramide-containing sphingolipids
that accrued. By contrast, ceramide-derived sphingolipids con-
taining the double bond in the sphingoid moiety were
unchanged or reduced. Subsequent studies revealed that fen-
retinide, which bears a structural resemblance to dihydrocer-
amides, irreversibly inhibits DES by disrupting the electron
transport necessary for the desaturation event (15). Using both
fenretinide and dihydroceramide analogs, the Merrill labora-
tory (14) identified a likely role in the induction of autophagy
(see below). This study inspired a number of groups to evaluate
the role of dihydroceramides in cellular responses, and these
sphingolipids are now implicated in a broad cadre of biological
processes.
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Autophagy

Autophagy is a catabolic mechanism through which cells
degrade organelles and recycle them into macromolecules that
serve as cellular constituents or metabolic fuels. The process
involves the isolation of organelles from the rest of the cell
within a double-membrane vesicle that subsequently fuses with
lysosomes. The process is important for surviving harsh condi-
tions (e.g. starvation) as well as in normal biology (e.g. develop-
ment). Numerous groups have implicated autophagy in cell
death (16, 17), although this remains controversial (18).

Autophagy was one of the first biological responses assigned
to dihydroceramides, as both fenretinide and exogenous,

short-chain (C2) dihydroceramides induced formation of
autophagosomes (14). Subsequent studies involving other
pharmacological inhibitors to reduce DES1 activity (19, 20) or
using fibroblasts from knock-out mice lacking the first exon of
the Des1 gene (21) further support a role for these unique
sphingolipids in autophagy induction. In all of these studies, inhi-
bition of DES1 increased sensitivity to autophagic stimuli. By con-
trast, inhibition of enzymes upstream of Des1 (i.e. in macrophages
treated with TLR4 agonists) blocks autophagy induction (22). In all
of these studies, neither dihydroceramide accumulation nor the
persistent autophagy contributed to cell death, as desaturase inhi-
bition instead conferred resistance to apoptosis (see below).

FIGURE 1. Schematic depicting the importance of the DES1 reaction in de novo ceramide biosynthesis.
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The precise mechanisms linking dihydroceramides to
autophagy are unresolved, but clues emerged from a study
showing reduced rates of ATP synthesis in embryonic fibro-
blasts from Des1 knock-out mice (21). Mechanistically, this
results from impaired electron transport chain activity attrib-
utable to the ability of one or more dihydrosphingolipids to
disrupt activity of components of the electron transport chain.
Treatment with myriocin, an inhibitor of the first enzyme
in the dihydroceramide/ceramide biosynthetic cascade, re-
stored rates of ATP synthesis in these cells, confirming that the
accumulation of the dihydrosphingolipids likely drove the
response, rather than the absence of ceramides. The compro-
mised ability of the cell to generate energy in nutrient-replete
conditions leads to activation of AMP-activated protein kinase,
and the addition of ATP or knockdown of AMP-activated pro-
tein kinase reversed the autophagic phenotype. Amazingly, the
rampant autophagy in these knock-out cells occurred despite a
marked up-regulation of the Akt/mTOR (mammalian target of
rapamycin) pathway, which is potently anti-autophagic. This
latter effect of DES1 likely resulted from the depletion of cer-
amides, which are known to block activation of Akt. Indeed,
myriocin failed to affect the Akt/mTOR pathway.

Hypoxia

Hypoxia refers to a state where the body or tissues receive
inadequate supplies of oxygen, such as during high altitude
climbing or reduced blood delivery during ischemia. Most
organisms show an immediate response to a hypoxic environ-
ment and quickly die in an anoxic one.

Devlin et al. (23) profiled sphingolipids in the lungs of rats
subjected to hypoxia, noting a rapid, time-dependent up-regu-
lation of dihydroceramides. The increase was proportional to
the depth and duration of the hypoxic insult. By contrast, oxy-
gen levels did not impact levels of ceramides, and the change
was restricted to sphingolipids lacking the double bond intro-
duced by DES1. The inhibition of cell proliferation seen in
hypoxia was reproduced by knockdown of either DES isoform
in cultured cells, even when cells were maintained in oxygen-
replete conditions. Conversely, overexpression of either de-
saturase prevented the hypoxic effects, and the group impli-
cated DES1 and DES2 as oxygen sensors. Similar findings are
reported in the mouse heart and cultured cells, which show
reduced levels of ceramides and accumulation of dihydrocer-
amides as they adapt to a hypoxic environment (24).

The mechanisms through which dihydroceramides me-
diate biological responses to hypoxia are unclear, although
the effect appears to be independent of the hypoxia-induci-
ble transcription factors. Nonetheless, numerous other studies
reveal that dihydroceramides slow cell proliferation (see
below), which is a common cellular response to oxygen
depletion.

Several mechanisms have been proposed to explain how cel-
lular oxygen levels inhibit dihydroceramide desaturase activity
to induce dihydroceramides. The response is rapid, and DES
enzymes are directly activated by oxygen (23, 25). Oxygen is
present at the core of the Des1 enzyme and is requisite for
formation of an “oxo bridge” with iron, which is needed because
Des1 utilizes oxygen in the desaturase reaction (25). Based on

analogy with oxygen-dependent prolyl-hydroxylases, Devlin et
al. (23) advanced a proposal that Des1 fits the criteria as a direct
oxygen sensor.

Levels of transcripts encoding DES1 also decrease in hypoxia,
suggesting a potential transcriptional mechanism. The effect
on mRNA levels is independent of hypoxia-inducing factor-1�
1 (23), but might be explained through HAND2 and nuclear
factor of activated T-cells (NFATC) transcription factors (24),
for which the DES1 promoter harbors binding sites (24).

Of note, Menuz et al. (26) used Caenorhabditis elegans to
screen for novel effectors of the hypoxic response. Unlike
most organisms, C. elegans can survive a completely anoxic
environment for at least 48 h. Loss of the (dihydro)ceramide
synthase gene Hyl-2 actually opposed their sensitivity to oxy-
gen deprivation.

Considerable work remains on this interesting topic, but
roles for dihydroceramides in this response could identify the
desaturase as a therapeutic target for mitigating tissue
responses to hypoxia, such as in ischemic injury during stroke
and acute myocardial infarction. Rodrigues-Cuenca et al. (27)
additionally suggested that the subsequent activation of DES1
during cardiac reperfusion could contribute to the damage
seen, resulting from sudden increases in de novo ceramide
production.

Cell Proliferation

Experimental interventions in cultured cells that inhibit
DES1 activity generally inhibit cell proliferation. For example,
the inhibitory effects of hypoxia on BrdU accumulation in DNA
can be recapitulated by DES1 knockdown and reversed by DES1
overexpression (23). Moreover, transfection of SMS-human
neuroblastoma cells (SMS-KCNR) cells with small interfering
RNA to the transcript encoding DES1 promoted accumulation
of endogenous dihydroceramides, inhibited cell growth, and
induced cell cycle arrest at G0/G1. This was accompanied by a
significant decrease in the amount of phosphorylated retino-
blastoma protein (28). Embryonic fibroblasts isolated from
DES1 knock-out mice also proliferate slowly (21). Nonetheless,
the mechanisms through which dihydroceramides control
rates of cell division remain ambiguous.

Studies with various anti-tumor compounds or pharmaco-
logical reagents also suggest roles for dihydroceramides in the
regulation of cell proliferation (29). (a) Curcumin, isolated from
the dietary spice turmeric, induces G2/M cell cycle arrest and
autophagy, but not apoptosis, in malignant glioma cells. It also
blocks tumor growth in vivo. Curcumin inhibits DES1 activity
at an IC50 below 25 �M (reviewed in Ref. 29). (b) The cyclooxy-
genase-2 inhibitor celecoxib promotes dihydroceramide accu-
mulation while depleting cells of ceramide. Celecoxib inhibits
DES1 activity in intact cells at an IC50 of about 80 �M. Blocking
dihydroceramide production with an inhibitor of the first
enzyme in the synthesis pathway (i.e. myriocin, which inhibits
serine palmitoyltransferase) reversed the anti-proliferative
potency of celecoxib (reviewed in Ref. 29), suggesting that
sphingolipids were obligate intermediates in the drug response.
(c) Brodesser and Kolter (81) also conducted studies using a
dihydroceramide desaturase inhibitor, XM462, which induces
a transient early increase in dihydroceramides and other sph-
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ingolipids composed of a dihydroceramide backbone. This di-
hydroceramide accumulation was also associated with
decreased proliferation rates and a delayed G1/S transition (19).

Pathogen-derived Phospho-dihydroceramides in Innate
Immunity

The innate immune system defends plants and animals from
infection against multiple invading pathogens. The process
involves eosinophils, monocytes, macrophages, and natural
killer cells and utilizes Toll-like receptors (TLRs) that recognize
endotoxins such as lipopolysaccharide or lipid A. The response
differs from adaptive immunity present in higher eukaryotes,
which is slower but more specific for the particular biological
insult. Recent studies have implicated dihydroceramide deriv-
atives in the innate immune response underlying periodontal
disease.

Nichols et al. (30 –32) quantified sphingolipids in the peri-
odontal pathogen Porphyromonas gingivalis and found that
phosphorylated dihydroceramides activated antigen-produc-
ing cells to secrete cytokines. The proposed mechanism is that
these unique bacterial lipids serve as direct ligands for TLR2,
and the group took care to demonstrate that this effect was
independent of contaminating LPS (30 –32). These bacterial
lipids could be recovered from diseased human tissue samples
and blood, implicating phosphorylated dihydroceramides in
the peripheral immune response associated with this condition
(33).

HIV Infection

HIV infection requires the fusion of the viral and host mem-
branes, driven by a peptide domain of the HIV gp41 protein.
The insertion depth of this moiety is an important determinant
of fusogenic capabilities (34). Vieira et al. (35) discovered that
knockdown or pharmacological inhibition of DES1, which
replaced sphingomyelins with dihydrosphingomyelins, inhib-
ited infection by replication-competent and -deficient HIV-1 in
cultured cells. The increased dihydrosphingolipid levels gave
rise to more rigid membranes that were resistant to the inser-
tion of the gp41 fusion peptide, thus inhibiting fusion of the
viral and cellular membranes. These results clarified the effect
of the double bond in membrane fluidity and identified DES1 as
a potential therapeutic target for combating HIV-1 infection.

Attenuation of Ceramide-induced Apoptosis

Apoptosis is a process of programmed cell death character-
ized by membrane blebbing, cell shrinkage, nuclear fragmenta-
tion, chromatin condensation, and chromosomal DNA frag-
mentation. Ultimately, the events result in production of cell
fragments that are engulfed by phagocytosis. This form of
cell death differs from necrosis, which is a traumatic form of cell
death that results from acute cellular injury, resulting in the
release of harmful metabolites into the circulation. Apoptosis is
implicated in normal physiology as well as various disease
processes.

Early in apoptosis, the mitochondrial outer membrane
becomes permeable to small proteins. The release of cyto-
chrome c from the organelle activates a cysteine-dependent,
aspartate-directed protease (caspase 9), which triggers cleavage

and activation of other caspases, which regulate and degrade
several additional proteins.

The role of dihydroceramides in apoptosis is controversial.
Some groups have implicated dihydroceramides in the induc-
tion of apoptosis, and both fenretinide and resveratrol induce
apoptosis in transformed cell lines (20, 36 –38). Moreover,
inhibitors of enzymes upstream of DES1 in the de novo synthe-
sis pathway have been shown to reverse the apoptotic effects of
fenretinide in endothelial cells (36, 39). Nonetheless, studies in
other cell types fail to reveal a critical role for sphingolipids in
fenretinide-induced apoptosis (40), and the preponderance of
data suggests that the sphingolipid is insufficient to induce apo-
ptosis or cell death. Inhibiting cellular DES1 activity with other
pharmacological reagents, siRNA, or gene depletion renders
cells strongly resistant to apoptosis caused by diverse stimuli
(19, 21, 41, 42).

In contrast to dihydroceramides, roles for ceramides gener-
ated from either de novo synthesis and/or sphingomyelinase
activation in cytochrome c release or apoptosis induction are
firmly established. Mechanisms include the regulation of Bcl2
family members (43, 44), the formation of ceramide channels in
mitochondrial membranes (45– 47), inhibition of the pro-sur-
vival AKT/PKB kinase (48), the clustering of death receptors in
the plasma membrane (49 –52), and others (53, 54). Many of the
signaling effects of ceramide were initially attributed to activa-
tion of a protein phosphatase or protein kinase C� (55),
although signaling roles for the sphingolipid have long been
challenged (56). Regardless, other mechanisms almost certainly
contribute to a ceramide-induced cell death.

Evidence does suggest that dihydroceramides may counter
ceramide-induced cell death. For example, knockdown of DES1
in human head and neck squamous carcinoma cells attenuated
apoptosis induced by photodynamic therapy (42). Mitochon-
drial depolarization, late apoptosis, and cell death were all
attenuated by DES1 knockdown. The treatment increased lev-
els of dihydroceramides without affecting cellular ceramide lev-
els. One mechanism may be through the regulation of the
aforementioned ceramide channels. Dihydroceramides disrupt
formation of ceramide pores in mitochondria (57). This inhibi-
tion occurs with very small concentrations of dihydrocer-
amides, suggesting that ratios of the two lipids may be an
important determinant in apoptosis induction.

Oxidative Stress

Reactive oxygen species (ROS) including oxygen ions and
peroxides are chemically reactive intermediates produced by
the normal aerobic metabolism of oxygen. Although implicated
in signal transduction, they are most noted for their contribu-
tion to eukaryotic stress responses. For example, ROS damage
DNA and oxidize polyunsaturated fatty acids (i.e. lipid peroxi-
dation) and amino acids, leading to marked alterations in cel-
lular function and organismal health.

Fenretinide has long been known to induce ROS (58 – 60).
Moreover, inhibition of DES1 by either gene ablation or knock-
down increases ROS severalfold.4 Nonetheless, Apraiz et al.

4 Y. Li and S. A. Summers, unpublished observation.
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(61) found that dihydroceramide was not essential for fen-
retinide-induced ROS production or cell death.

Dihydroceramide production is also a consequence of ROS
generation, as the oxidative stressors hydrogen peroxide, men-
adione, or tert-butyl-hydroperoxide increase dihydroceramide
levels in various immortalized cell lines (19). By contrast, cer-
amide levels were unaffected by these compounds. Mechanistic
studies revealed that this was a result of changes in DES1 activ-
ity rather than changes in protein expression (62), perhaps
resulting from depletion of thiol or changes in NADPH, a nec-
essary cofactor for DES1 (62, 63).

Biomarkers of Metabolic Disorders

Obesity is a major risk factor for the development of type 2
diabetes and cardiovascular diseases, and much attention has
been given to mechanisms linking increased adiposity to the
development of these metabolic pathologies. The lipotoxicity
hypothesis posits that the accumulation of fat-derived mole-
cules contributes to tissue dysfunction such as the impairment
of insulin action, induction of metabolic dysfunction, or death/
apoptosis of cells that are essential for tissue function. Sphin-
golipids such as ceramide are likely contributors to lipotoxicity.
The oversupply of saturated fatty acids to peripheral tissues
provides palmitate, which is utilized by the sphingolipid syn-
thesis pathway. Moreover, low level inflammation found in
obesity selectively up-regulates sphingolipid biosynthesis, am-
plifying the effect of lipid oversupply.

The most compelling studies implicating sphingolipids in
insulin resistance and other complications of obesity (e.g. car-
diovascular disease) are interventional ones evaluating the con-
sequences of inhibiting enzymes required for de novo sphingo-
lipid synthesis on various metabolic disease endpoints. Most
notably, inhibition of the first enzyme in the pathway (i.e. serine
palmitoyl-transferase) in mice by administering a pharmaco-
logical inhibitor or deleting a gene allele renders mice resistant
to insulin resistance, diabetes, and/or other cardiovascular
complications of obesity (64 – 67).

Dihydroceramides have received recent attention as bio-
markers of metabolic dysfunction. Lopez et al. (68) found ele-
vated levels of circulating ceramides and one dihydroceramide
in female children and adolescents with type 2 diabetes. More
recently, Mamtani et al. (69) found a specific association
between serum dihydroceramides and waist circumference in
Mexican Americans. Brozinick et al. (70) found associations
between circulating levels of dihydroceramides, as well as de-
oxyceramides and ceramides, with the severity of insulin resis-
tance in non-human primates. Dihydroceramide levels often
correlate more tightly than ceramide levels with various meta-
bolic disease endpoints. Although this could suggest a causative
role for the sphingolipid, the preponderance of evidence sug-
gests otherwise (see below). An alternative explanation is that
less abundant sphingolipids such as dihydroceramides may be
predictive of metabolic disease, and we hypothesize that they
may serve as a readout of rates of sphingolipid synthesis or flux.

Despite the correlative evidence revealing that dihydrocer-
amides may indeed be markers of metabolic disease endpoints,
interventional studies in mice or cultured cells have thus far
failed to reveal a causative role for dihydroceramides in the

induction of insulin resistance or hypertension. Indeed, inhib-
iting DES1 is generally protective. First, fenretinide improves
insulin sensitivity and is in clinical trials assessing the potential
of this compound in glucose-intolerant patients. Although the
drug’s efficacy was initially attributed to its ability to displace
retinol from retinal-binding protein-4 (71), the compound can
clearly increase insulin sensitivity and ameliorate the patho-
genic consequences of obesity through alternative, RBP4-inde-
pendent pathways (72, 73). Moreover, mice that are haploinsuf-
ficient for DES1 are protected from glucocorticoid-induced
insulin resistance (67) and diet-induced hypertension (74).
These studies identify ceramide-derived sphingolipids as those
involved in lipotoxic events.

Studies in cultured cells further support the supposition
that ceramides, but not dihydroceramides, antagonize insu-
lin action. Analogs of ceramides, but not dihydroceramides, in-
hibit insulin signaling to AKT/PKB and its stimulation of glu-
cose uptake (13). Using cultured myotubes, researchers found
evidence that inhibition of DES1 prevented lipid-induced inhi-
bition of insulin signaling to AKT/PKB. The addition of exog-
enous palmitate, which induces synthesis of both dihydrocer-
amides and ceramides, antagonizes insulin activation of AKT/
PKB. The lipid increases expression of transcripts encoding
DES1, whereas knockdown of DES1 protects from palmitate
inhibition of insulin signaling (75, 76). Interestingly, the mono-
unsaturated fatty acid oleate decreases the activity of DES1 and
prevents lipid-induced insulin resistance (73, 75).

Although dihydroceramides do not impact insulin signaling
directly, more recent studies identified roles for dihydrocer-
amides in adipose biology. The Vidal-Puig group (77) found
reduced levels of DES1 mRNA in obese humans and mice.
Moreover, they found that levels of the transcript increased
during differentiation of adipocytes in culture. A 3T3-L1 prea-
dipocyte cell line in which they stably knocked down DES1
displayed elevated oxidative stress, cell death, and apoptosis, as
well as decreased proliferation. Moreover, the cells displayed
markedly impaired adipogenesis. Pharmacological inhibition of
DES1 recapitulated the anti-adipogenic effects in vitro and in
vivo. By contrast, the genetic ablation of the Des1 homolog in
flies promoted fat storage concomitantly with increased level of
dihydroceramides (78).

Conclusion and Future Perspectives

A simple screen of the PubMed database with the search
word dihydroceramide currently unveils 528 studies. Many of
these publications dealt with the characterization and regula-
tion of the desaturase, particularly as it relates to production of
ceramides and induction of apoptosis. Indeed, throughout this
study, we have highlighted evidence revealing regulatory effects
of drugs (e.g. fenretinide, resveratrol, etc.) or biological stimuli
(oxidative stress, hypoxia, fatty acids, etc.) on DES1/DES2 activ-
ity or expression. A body of evidence also suggests a role for
DES1 myristoylation in the control of activity (44, 79, 80).

Although studies investigating the biological role are in their
infancy, emerging data using multiple approaches reveal roles
for dihydroceramides in autophagy and proliferation (Fig. 2).
Emerging studies suggest additional roles in innate immunity,
virus entry, and oxidative stress. In apoptosis and metabolic
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regulation, where causal roles for dihydrosphingolipids are less
clear, control of the rate of conversion of dihydroceramide into
ceramide is an important site of regulation.

The mechanisms allowing cells to respond differently to
sphingolipids containing the sphingosine versus sphinganine
moiety is somewhat surprising because of the relatively small
molecular change and the fact that this modification is imbed-
ded in the membrane bilayer. Nonetheless, studies in knock-
out mice clearly illustrate the importance of the desaturation
reaction. In DES1 knock-out mice, the majority of sphingolip-
ids lack the double bond (67). Although on a 129 background
the animals were viable, they failed to thrive and had numerous
health abnormalities, dying within the first 8 weeks of age (67).
These data reveal that the removal of the single double bond on
the sphingosine backbone of the sphingolipids has enormous
consequences on cell function that are incompatible with
healthy life.

Studies involving DES1 knockdown or utilizing embryonic
fibroblasts from DES1 knock-out mice reveal the importance of
this reaction in numerous cellular events, and the utilization of
inhibitors of upstream components in the de novo pathway
allows one to distinguish whether the remarkable phenotypic
changes brought about by these interventions are due to the

presence of dihydrosphingolipids or the absence of sphingolip-
ids composed of ceramides. Nonetheless, mechanistic studies
have generally failed to identify the molecular basis that allows
the cell to sense the double bond or to dissect how change in
membrane fluidity or integrity might contribute to the biolog-
ical consequences of dihydroceramide accumulation. Filling in
this gap in knowledge is essential for understanding their role in
biology and represents a critical and difficult future challenge.

Collectively, the studies reviewed herein reveal an emerging
area of research on a fascinating but understudied class of
sphingolipids. Continued research on the biological function of
these molecules could uncover novel therapeutic opportunities
for targeting the DES1 enzyme. The authors of this study
encourage researchers to investigate the intriguing conse-
quences of inserting or deleting this essential double bond.
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The traditional backbones of mammalian sphingolipids are
2-amino, 1,3-diols made by serine palmitoyltransferase (SPT).
Many organisms additionally produce non-traditional, cyto-
toxic 1-deoxysphingoid bases and, surprisingly, mammalian
SPT biosynthesizes some of them, too (e.g. 1-deoxysphinganine
from L-alanine). These are rapidly N-acylated to 1-deoxy-“cer-
amides” with very uncommon biophysical properties. The func-
tions of 1-deoxysphingolipids are not known, but they are cer-
tainly dangerous as contributors to sensory and autonomic
neuropathies when elevated by inherited SPT mutations, and
they are noticeable in diabetes, non-alcoholic steatohepatitis,
serine deficiencies, and other diseases. As components of food
as well as endogenously produced, these substances are myster-
ies within an enigma.

The 2-amino, 1,3-diol moieties of sphingosine (Fig. 1A) were
first described in a letter to the editors of The Journal of Biolog-
ical Chemistry from H. E. Carter and colleagues in 1942 and
then in a full manuscript (1). The term “sphingolipid” was also
proposed (2) for this category of compounds, building on the
“sphingo-” morpheme chosen by J. L. W. Thudichum in naming
“sphingosin” for “ . . . the many enigmas which it presented to
the inquirer . . . ” (3).

Sphingosine is the prevalent member of a family of tradi-
tional sphingoid bases (Fig. 1A) found in complex sphingolipids
such as ceramide (Cer),2 sphingomyelin (SM), glycosphingolip-
ids, etc. that are important for cell structure and signaling (4).
Many organisms, such as fungi, bivalves, and sponges, inter

alia, additionally have 1-deoxysphingolipids (1-deoxySL) (Fig.
1, B and C) (5), and this minireview provides an introduction to
these fascinating compounds, and especially ones now known
to be made by mammals (6 – 8).

Examples of 1-Deoxy-sphingoid Bases

Sphinganine Analog Mycotoxins

The most extensively studied 1-deoxy-sphingoid bases are
represented by fumonisin B1 (FB1, Fig. 1C). These sphinganine
analog mycotoxins are produced by Fusarium verticillioides
and related fungi (9) that infest maize and cause diseases in
plants (10) and in animals that consume contaminated food
(11–14). Their major biochemical targets in both plants (10)
and animals (11–13, 15) are ceramide synthases (CerS), en-
zymes responsible for N-acylation of sphingoid bases (16, 17).
In addition to being inhibitors of CerS, fumonisins are N-acy-
lated by CerS (18), as is the aminopentol backbone released
from fumonisins when corn is treated with lye in preparation of
masa (19). N-Acyl-aminopentols also inhibit CerS.

Disruption of sphingolipid metabolism by fumonisins and
related AAL toxins (from Alternaria alternata) (10) induces
plant programmed cell death pathways associated with defense
and disease (20, 21). This is thought to be a major reason that
these mycotoxins are produced, but they might additionally
provide protection against other inhabitants of the ecological
niche of these fungi (22).

Fumonisin consumption causes a wide spectrum of animal
disease: hepatotoxicity and hepatocarcinogenicity, renal toxic-
ity, neurotoxicity, pulmonary edema (9, 23), and in humans,
esophageal cancer (9, 11–14) and probably birth defects (13, 24,
25). It is not surprising that they produce so many disorders
because CerS inhibition causes buildup of highly bioactive
compounds (sphinganine, sphinganine 1-phosphate, N-acetyl-
sphinganine, and others) and suppresses biosynthesis of Cer
and complex sphingolipids, depending on the length of expo-
sure and dosage (11, 12). FB1 is often used as a tool to block Cer
production and study Cer functions; however, the results must
be interpreted with caution because this alters many other bio-
active sphingolipids.

Oceanin, Calyxin, and Other Complex 1-Deoxy-sphingoid
Bases

Perhaps the most structurally amazing 1-deoxy analogs are
“two-headed”, i.e. appearing as if two sphingoid bases are con-
nected tail-to-tail (see oceanapiside from Oceanapia phillipen-
sis (26, 27), Fig. 1C). These compounds often display antibacte-
rial or antifungal activity, which might be their biologic
function; many are cytotoxic for cancer cells (27–32). These
compounds illustrate only a fraction of the sphingoid base bio-
diversity (5).

Simple 1-Deoxysphingoid Bases, e.g. 1-Deoxysphinganines
and Related Compounds

Many organisms have been known to produce simple 1-de-
oxy- and 1-deoxymethyl-sphingoid bases (5) (Fig. 1, B and C)
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such as xestoaminol C from Xestospongia sp.) and a methyl-
branched 1-deoxysphinganine(2-amino-14,16-dimethyl-octa-
decan-3-ol, 2-AOD-3-ol), produced by Fusarium avenaceum, a
fungus found on grains and fruit (33, 34). 1-Deoxysphinganine
(Fig. 1B) was initially named spisulosine when isolated from the
edible Stimpson’s surf clam, or Atlantic surf clam (Spisula
polynyma), during a screen for anticancer compounds (35).
Being cytotoxic for cancer cells in culture (36, 37), it has been
evaluated in phase I clinical trials, which will be described later
in this minireview.

Mammalian Production of 1-Deoxysphingoid Bases

Considering the unusual structural features and cytotoxicity
of 1-deoxysphingoid bases, it came as a surprise when mam-
mals, including humans, were found to produce them, as shown
by two independent lines of investigation published at approx-
imately the same time (6 – 8). One study discovered that muta-
tions in the initial enzyme of traditional sphingoid base biosyn-
thesis (serine palmitoyltransferase, SPT) that cause hereditary
sensory and autonomic neuropathy type I disease (HSAN1)
allow SPT to utilize L-Ala and glycine to make 1-deoxysphinga-
nine and 1-(deoxymethyl)sphinganine, respectively (7), which
are neurotoxic when added to dorsal root ganglia neuron cul-
tures (8).

The other study (6) characterized 1-deoxysphinganine as a
previously noticed (38), but unidentified, compound that accu-
mulates when cells in culture or animals are exposed to FB1. It
was shown to be produced in substantial amounts from L-Ala by
wild-type SPT and was probably overlooked previously because
it is mainly present as N-acyl-metabolites (e.g. 1-deoxydihy-
droceramides, 1-deoxyDHCer) unless CerS is inhibited.

Background Information about SPT

SPT is a family of pyridoxal 5�-phosphate (PLP)-dependent
isozymes that catalyze the reaction displayed in Fig. 2 (39, 40).
Its proposed mechanism is typical for the �-oxoamine synthase
(AOS) family (41), and some of the main features are: formation
of a Schiff base between PLP and an active site Lys (called an
“internal aldimine”); displacement of Lys when an amino acid
substrate is bound (forming the “external aldimine”); orienta-
tion of the amino acid-PLP imine in a configuration described
as the “Dunathan intermediate” to facilitate abstraction of the
amino acid �-proton forming a quinoid intermediate; carbon-
carbon bond formation between the amino acid �-carbon and a
fatty acyl-CoA, displacing CoASH; decarboxylation of this
�-unsaturated intermediate to form a product, external keti-
mine; protonation of the ketimine to form the external aldimine
of the 3-keto-sphingoid base, which is released to regenerate

FIGURE 1. Representative sphingoid bases and 1-deoxysphingoid bases. A, three of the traditional sphingoid bases of mammalian sphingolipids: sphin-
gosine, sphinganine, and 4-hydroxysphinganine (phytosphingosine). There is also some degree of variation in the alkyl chain length, branching, and number
of additional double bonds and hydroxyls (not shown). B, two simple 1-deoxy-sphingoid bases that are produced by mammals and other organisms; these are
also known to vary in chain length and double bonds. C, some of the broader structural variation in 1-deoxy-sphingoid bases produced by other organisms. For
all of the panels, these structures have been highlighted in red to display the portions that are derived biosynthetically from serine, and in green for alanine.
Some additional information for the compounds has been given in parentheses (stereochemistry and alternative names and abbreviations). For more infor-
mation, see the text and Ref. 5.
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the enzyme PLP internal aldimine. The traditional reaction cat-
alyzed by SPT utilizes L-Ser as the substrate to make 3-keto-
sphinganine (in red), the analogous reaction with L-Ala (green)
produces 1-deoxysphinganine, and the reaction with glycine
produces 1-(deoxymethyl)sphinganine (not shown).

Mammalian SPT appears to be composed of heterotrimeric
isozymes that share an SPTLC1 (sometimes referred to as SPT1
or hLCB1) subunit combined with either SPTLC2 (also called
SPT2 or hLCB2a) or SPTLC3 (also called SPT3, LBC3, or
hLCB2b) subunit and one of two highly related isoforms of a
third “small subunit” (in humans, ssSPTa and ssSPTb) (40). The
active site Lys (Fig. 2) resides in the SPTLC2/SPTLC3 subunit.

The SPTLC2/SPTLC3 subunit influences the specificity for
the acyl-CoA substrate (42) in a manner that also depends on
the ssSPT isoform (43, 44). That is, as shown in studies in which
cells were transfected with these isoforms in different combi-
nations (43, 44): SPTLC1/SPTLC2/ssSPTa had a clear prefer-
ence for palmitoyl-CoA (the precursor for the 18-carbon-chain
length sphingoid bases); SPTLC1/SPTLC2/ssSPTb utilized
both palmitoyl-CoA and stearoyl-CoA (the latter producing
20-carbon-chain length sphingoid bases); SPTLC1/SPTLC3/
ssSPTa utilized myristoyl-CoA and palmitoyl-CoA (the former
producing 16-carbon-chain length sphingoid bases); and
SPTLC1/SPTLC3/ssSPTb seems to use a wide range of chain
length fatty acyl-CoAs. Another level of regulation involves
ORMDL family proteins, which have been proposed to help
control flux through the pathway (45– 48).

Production of 1-Deoxysphingoid Bases by Mutant SPT

HSAN1 neuropathies have been linked to mutations in five
different genes, two of which code for SPTLC1 and SPTLC2.
These involve missense mutations (49): for SPTLC1, C133W,
C133Y, C133R, V144D, A352V, S331F, and S331Y; and for
SPTLC2, V359M, G382V, T409M, I504F, A182P, and a more
recently reported S384F (50). After the report of elevated 1-
deoxySL from L-Ala in studies of the SPTLC1 C133W mutation
in humans and transgenic mice (7), 1-deoxySL have been found
in other SPT HSAN1 mutations (8, 51).

The kinetic properties of wild-type and mutant SPT have
been compared using microsomes from yeast transfected with
cDNA for SPTLC1/SPTLC2/ssSPTa versus SPTLC1-C133W/
SPTLC2/ssSPTa (44), and the major conclusions have been
substantiated by studies with CHO-LyB cells, a mammalian cell
line with an unstable and inactive SPTLC1 subunit (52). The Km

for L-Ser for mutant SPT was higher than for the wild-type
enzyme (�1.4 versus 0.75 mM, respectively), and the Vmax was
lower (�0.3 versus 1.4 nmol/mg/min); conversely, the mutant
SPT utilized L-Ala better than the wild-type. The Km and Vmax
with L-Ala were �9.6 mM and �0.1 nmol/mg/min for mutant
SPT, and it was difficult to measure the kinetics with L-Ala
using the wild-type enzyme. The Ki for L-Ala inhibition of L-Ser
utilization was 5 mM for the mutant SPT and 2 mM for wild type.
These results suggest that the major effect of this HSAN1 muta-
tion is not to facilitate L-Ala binding but to allow bound L-Ala to
react with the acyl-CoA substrate. Although crystal structures

FIGURE 2. Scheme for the utilization of L-serine or L-alanine for 3-ketosphingoid base biosynthesis by serine palmitoyltransferase. This diagram has
been modified from Ref. 39 to illustrate the proposed catalytic mechanism for this enzyme and how the intermediates involved in the condensation of L-Ser to
make 3-ketosphinganine could plausibly be substituted by L-Ala to make 1-deoxy-3-ketosphinganine with minor variations in the active site chemistry. For all
of the panels, these structures have been highlighted in red to display the portions that are derived biosynthetically from serine, and in green for alanine.
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are not yet available for mammalian SPT, they have been deter-
mined for a soluble homodimeric SPT from Sphingomonas
paucimobilis EY2395 (53) and were used to map Cys-133 of
SPTLC1 onto Asn-100 of the bacterial SPT, which is proximal
to the PLP binding site and lies at the dimer interface (39).

A similar approach has been used to analyze V359M, G382V,
and I504F mutations in SPTLC2 (54), and all decrease enzyme
activity somewhat for reasons that can be rationalized by com-
parisons with alterations in the soluble enzyme. The impact of
these mutations on L-Ala utilization was not reported, but 1-de-
oxySL have been associated with SPTLC2 mutations A182P
(55) and S384F (50). The S384F mutation was suggested to
implicate phosphorylation of SPTLC2 at this site as a regulator
of 1-deoxySL synthesis by wild-type SPT.

To determine whether lowering 1-deoxySL might be clini-
cally beneficial, Garofalo et al. (56) fed a 10% L-Ser-enriched
diet to mice bearing a transgene expressing C133W SPTLC1,
and 1-deoxySL decreased significantly, reaching the levels of
mice with wild-type SPT within 2– 4 days. Mice on the L-Ser-
enriched diet were also protected from neurodegeneration
(measured by mechanical sensitivity and motor performance)
and retained neurological function up to 15 months of age;
untreated mice developed neuropathy by that age. In contrast
to these favorable responses, mice fed a 10% L-Ala diet had
elevated 1-deoxySL and developed severe peripheral neuropa-
thy. A pilot study with HSAN1 patients also found that L-Ser
supplementation reduced 1-deoxySL levels, and a clinical trial
is ongoing (https://clinicaltrials.gov).

Production of 1-Deoxysphingoid Bases by Wild-type SPT

In the other early study, 1-deoxySL were identified as prod-
ucts of wild-type SPT by mass spectrometry (6), which charac-
terized both the free 1-deoxysphinganine in cells incubated
with FB1 and the N-acyl-derivatives when CerS was not inhib-
ited. This acylation might explain why these compounds have
been overlooked previously because they are somewhat diffi-
cult to detect in a background of Cer and other neutral lipids.

Wild-type SPT was proven to be the source because biosyn-
thesis of 1-deoxySL from L-Ala was absent in CHO-LyB cells
and reappeared when the normal SPT1 subunit was restored
(6). The amounts of 1-deoxysphinganine made by wild-type
SPT can be quite substantial. For example, LLC-PK1 cells have
about half of the level of sphinganine after �4 days in culture
with FB1; Vero cells have high basal 1-deoxySL, which might
be due to these cells depleting L-Ser in the medium (57); and
RAW264.7 cells (58) have essentially equal amounts of 1-de-
oxyDHCer and Cer after 4 days in culture, and are also known
(59) to deplete the culture medium of L-Ser while accumulating
L-Ala and glycine.

There has not yet been an explanation for why wild-type SPT
is somewhat “promiscuous” (to use a term applied to mutant
SPT) (44) in utilizing three amino acids as substrates, nor
whether this might occur with other �-oxoamine synthase fam-
ily members (40). The side chains of L-Ala and Gly are smaller
than the hydroxymethyl group of L-Ser and could fit in the same
binding pocket. The favoring of L-Ser appears to be due to an
interaction between the side-chain hydroxyl of L-Ser and the

5�-phosphate of PLP, both for substrate binding and for optimal
catalytic efficiency (60).

Because amino acid availability is an important factor in the
amounts of 1-deoxySL that are made, it would be interesting to
know more about other factors that are thought to influence
L-Ser utilization for lipid synthesis, such as SERINC (61) and, at
least for yeast, CHA1, which codes for an L-Ser deamidase/
dehydratase that regulates sphingolipid levels by limiting avail-
able L-Ser (and perhaps vice versa) (62).

Metabolism and Trafficking

1-Deoxysphingoid Base Metabolism

Most publications on 1-deoxySL have described them as
total 1-deoxysphinganines or 1-deoxySL rather than as individ-
ual molecular species because they have been quantified after
acid hydrolysis to release the free sphingoid bases. As noted
above, when specific molecular species are analyzed by LC-MS/
MS, the majority of traditional and 1-deoxysphingoid bases are
N-acyl-derivatives (Fig. 3) (4).

In this pathway, the initially formed 3-keto-intermediates are
rapidly reduced and N-acylated followed by the addition of a
headgroup (dihydroSM, etc.), desaturation to produce the
backbone double bond (making Cer), and then the addition of
headgroups or hydrolyzed to sphingosine, which can be reacyl-
ated or converted to sphingosine 1-phosphate (S1P), which is
cleaved to ethanolamine phosphate and hexadecenal (hexade-
canal from sphinganine 1-phosphate). There are also reports of
N-methylation of some sphingoid bases (63, 64).

The early steps of this pathway appear to be similar for the
1-deoxysphingoid bases (Fig. 3). The kinetics parameters for
N-acylation of various sphingoid base variants have been com-
pared using rat liver microsomes (19). The apparent Km for
1-deoxysphinganine (2 �M) is somewhat higher than for sphin-
ganine (0.5 �M), but the Vmax values are similar. Individual CerS
have not been analyzed, but the N-acyl-chain length distribu-
tions of 1-deoxy(DH)Cer of different types of cells suggest that
most or all of the CerS accommodate these compounds (65).
Little is known about desaturation of 1-deoxy(DH)Cer; like-
wise, the possibility of alternative metabolites, such as N-meth-
ylated species, has not been explored. Turnover by lyase cleav-
age (Fig. 3) would appear to be unavailable to 1-deoxySL unless
S1P lyase, or another enzyme, can catalyze an analogous reac-
tion with 1-deoxysphingoid bases.

1-Deoxydihydroceramide Trafficking

The intracellular trafficking of Cer has been studied using
analogs with an amide-linked fluorescent fatty acid, such as
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)aminohexanoyl- (C6-NBD-)
(66). C6-NBD-Cer is rapidly taken up by cells in culture, and
fluorescence is seen first in multiple intracellular compart-
ments (the plasma membrane, ER, nuclear envelope, and mito-
chondria), and then the Golgi apparatus becomes intensely flu-
orescent concomitant with its metabolism to C6-NBD-SM and
C6-NBD-GlcCer, which appear at the plasma membrane after
longer times. In contrast, C6-NBD-1-deoxyDHCer (67) was
neither metabolized nor labeled the Golgi apparatus and
plasma membrane, even after prolonged incubation. Thus, the
1-deoxySL do not appear to undergo the typical trafficking of
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traditional Cer, which is in agreement with similar studies with
a 1-methoxy analog (68). The 1-deoxySL in plasma (69, 70)
appear to be associated mainly with lipoproteins (71), which
might be of hepatic origin (70).

Cellular Effects of 1-Deoxy-sphingolipids

Some of the earliest findings with 1-deoxysphinganine were
that it has diverse effects on cell growth and survival: sometimes
stimulating cell proliferation (for Swiss 3T3 cells at 1 �M) (72);
sometimes inhibiting growth (for Vero cells at �2 �M), possibly
due to disruption of actin stress fibers through inactivation of
Rho (35), and for the human glioblastoma cell line SHG-44 (73);
and often displaying cytotoxicity at low micromolar concentra-
tions for DU145 and LLCPK1 cells (6), MDA MB 468 cells (65),
and PC-3 and LNCaP cells (37), as examples. The cytotoxicity
has been proposed to have several causes: stimulation of de
novo synthesis of Cer and PKC� activation (37); and an atypical
cell death program with activation of caspase 3 and 12 and
altered phosphorylation of p53 (36). Endoplasmic reticulum
stress might also have a role in 1-deoxySL-mediated apoptosis
(44, 74). Effects on insulin-producing cells (75) include com-
promised glucose-stimulated insulin secretion, intracellular
accumulation of filamentous actin, activation of Rac1, in-
creased CerS5 expression, and morphologic changes character-
istic of senescent, necrotic, and apoptotic cells.

Other reported effects of 1-deoxySL are sphingosine kinase 1
inhibition (and/or its proteasomal degradation) (76) and per-
turbation of membrane structure because 1-deoxy(DH)Cer are
poorly miscible with other lipids (some 1-deoxySL are not even
capable of forming monolayers at the air-water interface) (58).

The latter might contribute to the formation of lipid bodies in
cells accumulating 1-deoxySL (77). Another intriguing finding
is that 1-deoxy-(DH)Cer have been reported to be one of the
endogenous ligands for human CD1b antigen-presenting mol-
ecules (78). As a cautionary note, it is difficult to determine
what the normal functions of 1-deoxSL are because studies with
cells in culture begin with cells that probably already contain
abnormally high 1-deoxySL because they are present in serum
and/or produced by the cells themselves, due to the tendency of
many cell lines to deplete L-Ser and accumulate L-Ala in the
medium.

1-Deoxy-sphingoid Bases and Other Disease

Diabetes

In common with HSAN1, one of the clinical complications of
diabetes mellitus is sensory neuropathy; therefore, connections
between 1-deoxySL and diabetes have been explored. A case-
control study of plasma from healthy and diabetic individuals
found that 1-deoxySL levels were higher in the diabetic group,
which also displayed lower plasma Ser (71). 1-DeoxySL have
been found to be elevated in plasma from subjects with meta-
bolic syndrome (79) and type 2 diabetes (80) (levels in type 1
diabetes did not differ from controls). 1-DeoxySL were also
examined as possible predictive biomarkers for type 2 diabetes
(81) in a prospective cohort with 339 individuals who were fol-
lowed for a period of 8 years, and levels were elevated in patients
with metabolic syndrome, impaired fasting glucose, and type 2
diabetes and for patients who developed diabetes during the
follow-up period. 1-DeoxySL levels were found to be signifi-

FIGURE 3. Abbreviated pathway for the biosynthesis and turnover of 1-deoxy-sphingoid bases and traditional sphingoid bases. This scheme summa-
rizes the steps of de novo biosynthesis of traditional sphingoid bases (sphinganine and sphingosine) in red, as well as their turnover via phosphorylation and
cleavage. The carbons from palmitate are shown in blue. The analogous metabolic steps are shown in green, as far as they are thought to occur-for 1-deoxy-
sphinganine (produced from alanine) and 1-(deoxymethyl)sphinganine (produced from glycine, not shown). The dashed line indicates the known N-methyl-
ation of sphingoid bases, which might also occur for 1-deoxy-sphingoid bases, but this has not yet been established. For more information, see the text and
Ref. 4.
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cantly elevated in plasma from patients with distal sensorimo-
tor polyneuropathy, a frequent, disabling complication of dia-
betes mellitus, and were detectable in early disease stages but
did not correlate with the clinical course (82).

In analogy to the studies conducted with an animal model for
HSAN1, L-Ser supplementation has been tested in streptozoto-
cin-induced diabetic rats (81). This intervention not only low-
ered plasma 1-deoxySL but also improved mechanical sensitiv-
ity, in agreement with the hypothesis that 1-deoxySL are
involved in the pathology of diabetic neuropathy and L-Ser sup-
plementation might be clinically beneficial. It is worth men-
tioning that plasma L-Ala is elevated following glucose inges-
tion (83), and fructose ingestion has an even greater effect on
plasma L-Ala concentration (84).

Non-alcoholic Fatty Liver Disease, Especially Non-alcoholic
Steatohepatitis (NASH)

Non-alcoholic fatty liver disease is associated with metabolic
syndrome and is becoming one of the most common forms of
liver disease worldwide. It is thought to progress from relatively
benign stages to steatohepatitis (NASH), which can develop
into end-stage liver disease, cirrhosis, and sometimes hepato-
cellular carcinoma. A recent double-blinded study of plasma,
liver biopsies, and urinary lipids from 88 subjects with liver
histology categorized as normal, steatotic, NASH, or cirrhotic
(70) found that a diverse panel of 20 plasma lipids and aqueous
metabolites separated these states by linear discriminant anal-
ysis, with the compounds that gave the greatest distinction
between NASH and steatosis including the 1-deoxyDHCer. A
possible explanation for this association might be L-Ser defi-
ciency that has been reported for NASH (85).

Defective Ser Biosynthesis

L-Ser is made de novo by a pathway initiated by D-3-phospho-
glycerate dehydrogenase (PHGDH), and mice carrying a brain-
specific deletion of Phgdh have been used to study the effects of
defects in this pathway on 1-deoxySL (77). The mice displayed
reductions in both L-Ser and D-Ser and elevation of 1-deoxySL
that were associated with mild microcephaly and atrophy of the
forebrain, including the cerebral cortex and hippocampus. No
significant changes in traditional Cer and SL were noted.
Because humans with genetic defects in this enzyme exhibit Ser
deficiency and severe neurological symptoms, these results
raise the possibility that 1-deoxySL might be involved in the
central neurological symptoms (77).

TNF-dependent Toxicity via Caspase Signaling in
Dopaminergic Neurons

Dopaminergic neurons in the ventral midbrain selectively
degenerate in Parkinson disease, and TNF can increase neu-
ronal cell death. TNF treatment of dopaminergic neurons has
been found to increase 1-deoxySL, which reduce cell viability
and inhibit neurite outgrowth and branching in primary dop-
aminergic neurons when added exogenously (86). Therefore,
induction of de novo biosynthesis of 1-deoxySL might be
involved in the neurotoxicity of TNF for dopaminergic
neurons.

1-Deoxy-sphingoids as Therapeutic Agents?

Clinical Trials with Atypical Sphingoid Bases

The first structural variant that was evaluated in a phase I
clinical trial (87) was Safingol (L-threo-sphinganine), which has
2S,3S stereochemistry as found in fumonisins (Fig. 1C). This is
not a 1-deoxySL but inhibits sphingosine kinase and affects
some of the same targets as 1-deoxysphinganine (88). The max-
imum tolerated dose was 840 mg/m2 (�1–2 g based on adult
body surface areas of �1.5–2 m2) administered intravenously
over 120 min, with the dose-limiting toxicity attributed to
hepatic enzyme elevation. Plasma S1P was reduced for Safingol
doses of 750 –930 mg/m2. Of the 37 patients that were evalu-
ated for response, six were reported to have some degree of
disease stabilization, and one patient with adrenal cortical can-
cer had regression of liver and lung metastases.

Several phase I clinical trials have been conducted with 1-de-
oxysphinganine (named “ES-285”), and relevant findings from
two will be mentioned here. From dose-escalating studies (89,
90), the maximum tolerated dose was �200 mg/m2 (i.e. �0.3–
0.4 g for body surface areas of 1.5–2 m2, respectively). The dose-
limiting toxicities were relatively consistent for all the studies:
hepatic and neurological toxicity as well as injection site reac-
tions. One patient who received eight infusions of ES-285 at 128
mg/m2 developed numbness of the face, hands, and feet that
worsened rapidly to neuropathy, pain, and general weakness
that was assessed to contribute to his death (90). Clinical devel-
opment of ES-285 as a single agent was discontinued due to its
questionable safety profile and limited antitumor activity.
Noteworthy from these trials was the similarity in the adverse
effects and the neuropathies that have been associated with
elevations in 1-deoxySL produced de novo.

Animal Studies with a Synthetic 1-Deoxy-sphingoid Base

A synthetic 1-deoxysphingoid base, named Enigmol (Fig. 4),
displayed tumor suppression with little toxicity when adminis-
tered to mouse models for colon and prostate cancer (91, 92).
Enigmol is not phosphorylated and is poorly N-acylated (93),
and one of the most interesting findings from these in vivo
studies was a high oral bioavailability versus traditional sphin-
goid bases. The likely explanation for this difference, which
might apply to other 1-deoxy-sphingoid bases, is shown in Fig.
4. Traditional sphingoid bases are readily taken up by intestinal
cells but mainly phosphorylated and degraded (94), which lim-
its their effectiveness against colon cancer targets, but cleavage
reduces the likelihood that the intermediate S1P will promote
carcinogenesis (94, 95). Lacking the 1-hydroxyl group, 1-deox-
ysphingoid bases (at least as exemplified by Enigmol) are
absorbed, escape phosphorylation and degradation, and appear
in blood and tissues (91). Another factor affecting the absorp-
tion of these compounds is efflux via P-glycoprotein (96). All in
all, the possible uptake of 1-deoxySL from food highlights the
need for a better understanding of their effect(s) on health.

Other Clinical Applications?

Sphingolipids and sphingoid base-like compounds, includ-
ing derivatives of such compounds, have been suggested to

MINIREVIEW: 1-Deoxysphingolipids: Mysteries in an Enigma

JUNE 19, 2015 • VOLUME 290 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 15385



offer promise as antibacterial (97) and antifungal (98) drugs and
for other diseases (99, 100).

Conclusions and Future Perspectives

The capacity to make 1-deoxy-sphingoid bases was once
thought to be the purview of organisms that make bizarre sec-
ondary metabolites, but is now clearly established to be a pro-
cess shared by mammals, including humans. This leads one to
wonder whether these compounds are made as accidents of a
sloppy de novo biosynthesis pathway or to perform biological
functions. Also, considering their widespread occurrence, how
much is present in food, and to what extent does the diet affect
tissue 1-deoxySL? Because these compounds can be toxic (but
possibly beneficial), how many ways do they impact health?
These are some of the intriguing mysteries to be solved for this
branch of a family of compounds long known for their enigmas.
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The twin arginine translocase (Tat) transports folded pro-
teins of widely varying size across ionically tight membranes
with only 2–3 components of machinery and the proton motive
force. Tat operates by a cycle in which the receptor complex
combines with the pore-forming component to assemble a new
translocase for each substrate. Recent data on component and
substrate organization in the receptor complex and on the struc-
ture of the pore complex inform models for translocase assem-
bly and translocation. A translocation mechanism involving
local transient bilayer rupture is discussed.

Cells and membranes contain multiple protein translocases,
i.e. the enzymes that catalyze protein translocation across or
into membranes. This allows for specific targeting to distinct
cellular locations and, through varied transport mechanisms,
solutions to a range of translocation problems. For example, the
prokaryotic and endoplasmic reticulum Sec system and several
other translocases transport proteins in a mostly unfolded con-
formation. This permits a single mechanistic strategy for those
substrates that can be unfolded for translocation and folded
following transport. By contrast, the twin arginine translocase
(Tat)2 system transports proteins that are in a folded conforma-
tion during translocation. The Tat system is present in most
bacteria, in some archaea, in chloroplasts of plants and algae,
and in some mitochondria (1–5). The prevalence of Tat in pro-
karyotes and prokaryote-derived organelles argues that Tat is
an ancient translocation system. The fact that Tat operates with
as few as two membrane components of machinery (TatA and
TatC) (6) and the proton motive force (PMF) implies a simple
mechanism. Although it may be mechanistically simple, Tat
behaves in mystifying ways and performs astonishing feats. It
exists as oligomeric structures, with a multivalent receptor
complex composed of TatC and TatB multimers and a “pore”
complex of TatA oligomers that are thought to form the pro-
tein-conducting element. Tat can transport folded proteins
from �20 Å (7) to �70 Å (8). It can transport heterodimers,
where one subunit has the signal peptide and the other hitch-
hikes the ride (9), and cross-linked tetramers, where each sub-
unit is bound via its own signal peptide (10). Tat will even trans-

port engineered unstructured polypeptides (11, 12). Thus, Tat
has solved the daunting mechanistic challenge of transporting
both large and small protein structures without opening large
holes that would dissipate the PMF.

The Tat substrate repertoire depends on the organism and
ranges from 1 to �150 substrates (reviewed in Ref. 2). Tat plays
critical roles in respiratory and photosynthetic energy produc-
tion, animal and plant pathogenesis, symbiosis, etc. (reviewed
in Refs. 2, 8, and 13–15). Among reasons that proteins require
transport in a folded conformation include: the absence of fold-
ing and cofactor insertion machinery on the trans side of the
membrane, the need to control metal cofactor specificity, and
the fact that some proteins rapidly fold upon synthesis or
import into the organelle (2, 5).

Unraveling the mechanisms of Tat operation has been chal-
lenging because of the ephemeral nature of the translocase (16).
However, mechanistic knowledge has advanced due to studies
with the thylakoid membrane of plant chloroplasts and the
cytoplasmic membrane of Escherichia coli. A combination of
staged in vitro assays, protein cross-linking, molecular struc-
tural analyses, and fluorescence imaging in living cells has
increased knowledge sufficiently that informed models are pos-
sible. Both systems employ three components, a TatC protein
and two members of the TatA family (TatA and TatB). For
historical reasons, the nomenclature of the two systems has not
been consistent; TatA and TatB in bacteria are called Tha4 and
Hcf106 in thylakoids. However, considerable research has
shown that Tha4 and Hcf106 function similarly to TatA and
TatB. In this review, I will refer to these proteins simply as TatA
and TatB and note the system from which results were
obtained. In addition, the term cis will designate the compart-
ment of substrate origin, and trans will designate the destina-
tion compartment. The scope of this review is limited to recent
insights into Tat mechanisms. The reader is referred to several
other excellent reviews for a broader view of Tat (1–5).

A Twin Arginine Signal Peptide Targets the Substrate

Tat substrates are targeted to Tat machinery by hydrophobic
signal peptides that superficially resemble Sec signal peptides in
tripartite organization: an amino proximal N domain, a hydro-
phobic H domain, and a polar C domain that contains the signal
peptidase cleavage site (Fig. 1). The Tat recognition sequence at
the N/H junction is the most distinctive feature of Tat signal
peptides. It consists of two adjacent Arg residues within a
broader consensus (Fig. 1). The RR motif is essential; mutation
to KK eliminates interaction with the Tat machinery (17–22).
Other consensus residues are of lesser importance (22, 23), with
the exception of the Phe at RR�2, which has a critical positive
effect on transport efficiency. Most thylakoid Tat signal pep-
tides lack this Phe, but introducing a Phe into the thylakoid
OE17 substrate (Fig. 1) increased the binding affinity 10-fold to
�1 nM Kd (24, 25). The resulting tOE17-20F (Fig. 1) was used in
many studies cited here. Some Tat signal peptides have an
extended N domain of uncertain function. Deleting the
extended N domain of several thylakoid Tat substrates
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improved in vitro transport efficiency (19, 26). Deleting the
extended N domain of the E. coli hydrogenase-1 small sub-
unit similarly improved transport efficiency of fused
reporter proteins but impaired maturation of hydrogenase 1
(27). This suggests that the extended N domain serves as a
timing device, slowing translocation to allow holoenzyme
folding and assembly.

Cycle of Substrate Binding, Translocase Assembly, and
Translocation

Tat systems operate by a cycle in which the components (Fig.
2A) assemble a translocase on demand (Fig. 2B). This was
shown with thylakoid in vitro assays and with fluorescence
imaging in living E. coli. In non-transporting thylakoids, TatB
and TatC are present as a receptor complex in a 1:1 ratio; TatA
is present as a separate pool (16, 28). The receptor complex
binds the substrate signal peptide, triggering PMF-dependent
TatA assembly and oligomerization at the substrate-TatBC
interface (16, 29, 30). The assembled complex is called the
“translocase.” After translocase assembly, the substrate is trans-
ported, the signal peptide is cleaved, and the TatA oligomer is
disassembled in an uncertain order. The in vitro cycle is slug-
gish. A time course starting with substrate-bound TatBC and
initiated with the PMF exhibited a 1–3-min transport lag (25)
during which TatA could be increasingly cross-linked to TatBC
(16). Substrate transport then occurred with first order kinetics
and a transport time (�) of �80 s (25). When all substrate was
transported, the ability to cross-link TatA dropped to back-
ground. A similar in vitro rate was measured for SufI transport
into E. coli vesicles (31).

Fluorescence imaging of TatA-YFP (or TatA-GFP) in
E. coli cells showed a similar cycle. TatA-XFP exists as small
oligomers in non-transporting cells (32–34). Substrate

expression resulted in coalescence of TatA-XFP into large
fluorescent foci termed “TatA assemblies” that co-localized
with TatB (34) and presumably TatC. Dissipating the PMF
with carbonyl cyanide m-chlorophenylhydrazone prevented
the formation of TatA assemblies and resulted in disassem-
bly when added during the protein transport phase. A trans-
port-inactive TatA F39A-YFP mutant formed TatA assem-
blies but did not disassemble with carbonyl cyanide
m-chlorophenylhydrazone (33). This suggests that, whereas
TatA assembly requires the PMF, disassembly requires sub-
strate transport (33), raising the possibility that the PMF may
not be required for the transport step per se. The rate of
assembling (20 –120 s) and disassembling TatA-YFP (5–15 s)
was somewhat faster than the in vitro rate (33), but overall
was still much slower than other protein transport systems
(see e.g. Refs. 35 and 36).

TatC Scaffolds TatB, TatA, and Substrate to Form the
Translocase

Recent NMR and crystal structures provide valuable insights
into the individual Tat components, whereas several other
approaches yield information on the associations of compo-
nents and substrate. The accumulated findings support a model
in which TatC is the initial specific receptor for the signal pep-
tide RR motif and also the organizing scaffold for the other
components. TatB and then TatA, while bound to TatC,
sequentially contact the substrate signal peptide and folded
domain. TatC spans the membrane six times with N and C
termini exposed to the cis compartment (Fig. 2A). The crystal
structure of Aquifex aeolicus TatC (37, 38) portrays the TM
helices folded into the shape of a cupped hand or glove. This
arrangement produces a “palm” with a strikingly broad concave
cavity (Fig. 3A) in which the TatA oligomer is thought to form.

FIGURE 1. Architecture of Tat signal peptides. Tat signal peptides have three domains, an N-terminal N domain, a hydrophobic helical H domain, and a
C-terminal C domain that contains the cleavage site (generally AXA, where X is any residue) for a trans facing signal peptidase. Tat signal peptides differ from
Sec signal peptides by the Tat motif, a somewhat lower hydrophobicity H domain, and a C domain often containing basic residue(s). Some Tat signal peptides
possess an extended N domain of uncertain function (hatched). Consensus Tat motifs for bacteria (80), halophilic archaea (22), and thylakoids (81) are shown.
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The six TMs appear to be stabilized by an overhanging cap
structure formed by trans loops 1 and 2.

TatB and TatA

TatB and TatA are highly homologous proteins with a short
N-terminal TM, a hinge, an amphipathic helix (APH), and a
natively unstructured C-tail (Fig. 2A). Solution and solid-state
NMR structures of bacterial TatB (39) and TatA (40 – 42) show
that the TM and APH bend at the hinge to form an L-shaped
molecule. Both of the E. coli proteins have a kink in their APH
domain, with the TatB APH showing a more acute change in
direction (39). TatB also has a longer C-tail than the TatA
C-tail, both of which can be deleted without eliminating func-
tion (43, 44).

Suppressor analysis (45), site-directed photocross-linking
(46), and disulfide scanning cross-linking (37, 45) in non-trans-
porting conditions indicate that the E. coli TatB TM is associ-
ated with the C-proximal helix of TatC TM5 (colored cyan in
Fig. 3). Because the TatB TM is matched in length to the TatC
TM5 helix, it is thought that they align along their length (37).
Photocross-linking also showed that the TatC cis 1 domain and
trans 2 loop cross-link to TatB (46, 47). Considering TatB
topology (48 –51), a tentative arrangement of TatB association
with TatC is as shown (Fig. 3B).

In non-transporting membranes, TatA exists primarily as a
large pool of small homo-oligomers (29, 32). Some TatA is also
associated with isolated E. coli TatBC when components are
overexpressed (52, 53), although TatA is absent from isolated
thylakoid TatBC (16, 28). Nevertheless, cross-linking studies in
E. coli and thylakoids demonstrate TatA contact with TatC in
non-transporting conditions in a remarkably similar location as
that occupied by TatB. Disulfide scanning (54) and photocross-

linking (46, 47) demonstrated contact of the TatA N terminus,
TM, and APH with the corresponding TatC trans loops 2 and 3,
TM5, and TatC cis regions, respectively. Photocross-linking
from TatB suggests juxtaposition of TatA and TatB in the non-
transporting Tat complex (46). Together, these results support
the arrangement of TatA with TatC shown in Fig. 3B. TatA is
placed distal to the TatC cavity with respect to TatB because
TatB, but not TatA, contacts the substrate H domain in the
absence of the PMF (20, 21) (see below).

Upon assembly of the thylakoid Tat translocase, TatA makes
a new contact in the center of the concave cavity of TatC such
that TatA Glu-10 is aligned with TatC Gln-234 on TM4 (Fig.
3B, Gln-234 colored magenta in Fig. 3, A and B) (54). This
TatA-TatC contact exhibits the same requirements as translo-
case assembly: an RR signal peptide, the PMF, and the TatA TM
Glu-10. These results support the proposal (37) that TatA ini-
tiates assembly of the transport-active oligomer by hydrogen
bonding between a glutamine and a glutamate of partner pro-
teins. The thylakoid TatC Gln-234 and TatA Glu-10 are con-
served in the same relative positions among virtually all chloro-
plast and cyanobacterial TatC and TatA proteins. Bacterial
TatC and TatA proteins commonly have a glutamate at the
Gln-234 position and a polar residue at the Glu-10 position (5).

Substrate

Substrate binding triggers transition from receptor complex
to the assembled translocase. Substrates exhibit a wide range of
affinity for TatBC. Some bind in a highly reversible manner,
their association only detected by cross-linking (16, 26). Others
remain bound during detergent solubilization and purification
(25, 26, 28, 55–57). The signal peptides of tightly bound sub-
strates are deeply inserted into the TatBC complex (24, 46), an

FIGURE 2. Tat operates by a cyclical mechanism with a signal-assembled translocase. A, three components of Tat machinery in chloroplasts and E. coli.
Chloroplast TatC has a very long N terminus of unknown function that is absent from bacterial TatC. APH domains are shown with a striped pattern. The relative
molar quantities of components in situ are indicated in parentheses. B, cyclical mechanism for Tat protein transport. The TatBC receptor complex binds the
substrate signal peptide in an energy-independent step. The receptor complex is depicted in the figure as a TatBC heterodimer, but it is actually a multimer
estimated to contain up to eight TatBC units. Signal peptide binding triggers PMF-dependent assembly and oligomerization of TatA. The resulting complex is
the translocase. Changes in the TatA oligomer are thought to facilitate protein transport, after which the translocase dissociates.
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arrangement considered to be an advanced binding stage.
Interestingly, Gerard and Cline (24) found that a weakly bind-
ing substrate similarly inserted into TatBC when thylakoids
were energized with the PMF, suggesting that all substrates
achieve the advanced stage in actively transporting membranes.
Some studies suggest that substrate can initially bind to the
lipid bilayer before accessing TatBC (58, 59). By contrast, bind-
ing of at least some thylakoid substrates to the lipid bilayer
appears to be a dead end (25).

Binding of the high affinity tOE17-20F saturated at one
substrate per TatC (25). With sufficient TatA, all bound
tOE17-20F was efficiently transported. This initially sug-
gested that each TatBC pair constitutes one binding and
transport site as illustrated in Fig. 2A (but see below). A
synthetic SufI signal peptide also bound with a 1:1 stoichi-
ometry to purified A. aeolicus TatC, although with dramati-
cally reduced affinity (37).

Knowledge of the precise location of bound signal peptide is
critical for understanding how signal peptide alone can induce
PMF-dependent translocase assembly (16, 29, 30). Early studies
showed that TatC binds to the RR motif and TatB contacts the
H domain (20, 21). Recent extensive and complementary data
indicate that residues of the TatC cis 1 domain and cis 2 loop
form a specific RR binding site (37, 47, 56, 60 – 63). Fig. 3A
shows residues of chloroplast TatC (colored orange and red)
that, when mutated to alanine, impair signal peptide binding.
Residues colored red (glutamate) are thought to coordinate the
arginine guanidinium groups; residues colored green direct
disulfide cross-linking to RR proximal residues of the signal
peptide (56). Complementary evidence also suggests that signal
peptide H domain uniformly binds to the TatB TM, which is
simultaneously associated with TatC TM5. Reciprocal photo-
cross-linking experiments indicate that several regions of the
signal peptide H domain contact the TatB TM (20, 21, 46).
Signal peptides and the early mature domain bind in an
inverted hairpin configuration, placing the H domain at the
same membrane height as the TatB TM (64 – 66). When TatB
was absent from E. coli membranes, the signal peptide of some
substrates was cleaved (without substrate transport) by the
trans facing signal peptidase (66), implying that the TatB TM
binding to the H domain prevents premature C domain expo-
sure to the trans compartment. This is supported by photo- and
disulfide cross-linking analyses that place the C-terminal end of
the bound signal peptide in proximity with the trans-proximal
end of TatC TM5 (46, 54). Finally, suppressors of defective
TorA signal peptides map to the TatB N terminus (62, 63). It is
apparent that all of these conditions can be met only if the signal
peptide H domain binds to the TatB TM attached to a different
TatC subunit (37, 54) as depicted in the head-to-tail TatC
arrangement in Fig. 3C. This will be further explored below.

Contacts between TatC and the folded substrate domain
have not been detected. However, the TatB APH makes exten-
sive contact with the folded domain of receptor-bound SufI
(67), suggesting that the TatB APH serves as a platform for the
folded domain of bound substrates (67). TatA contacts the sig-
nal peptide (20) and folded domain of the substrate later in the
reaction cycle. Photocross-linking showed that TatA TM, APH,
and C-tail are in contact with substrate only in the presence of
PMF (68). These contacts precede transport and may represent
translocase assembly events. Disulfide exchange cross-linking
with thylakoids captured interactions between the substrate
folded domain and the TatA APH and the N terminus (69). The
latter contacts occurred during protein transport, implying that
the substrate encounters the TatA TM during passage across
the membrane.

FIGURE 3. Models for the association of substrate, TatA, and TatB with
TatC and for a TatA oligomer. Homology-based models for pea chloroplast
TatC (blue), TatB TM (yellow), and TatA TM (red) based on structures of A. aeoli-
cus TatC and E. coli TatB and TatA are shown. A, TatC is labeled for the cis
(stroma) 1– 4 exposed loops and tails, the TMs 1– 6, and the trans (lumen) 1–3
loops. The pivotal C-proximal helix of TM5 is colored cyan. Residues of cis 1
and 2 important for RR binding are colored orange and red to designate loss of
binding upon mutation to alanine, with red also designating essential gluta-
mate residues that may coordinate the arginine guanidinium groups, and
green designating residues that direct disulfide cross-linking to RR proximal
residues of the signal peptide (56). B, arrangement of TatB (37, 45, 46) and
TatA (54) with TatC TM5 under non-transporting conditions (see text). The
patterned cylinders represent the APH segments and are approximately
placed based on cross-linking. Docking of TatA on the Gln-234 (magenta) of
TM4 in the translocase is proposed to initiate TatA oligomerization to form
the pore (37, 54). C, a head-to-tail arrangement of two TatC subunits can
explain how the signal peptide RR domain binds to TatC cis 1 and cis 2 regions
and the H domain binds the TatB TM. In the panel, the signal peptide is hand-
sketched from the RR through the helical H domain and is continuous with
the early mature domain that is designated by the dashed line. D, a model of
the TatA nonamer in detergent micelles adapted from Ref. 42 (Protein Data
Bank (PDB) accession 2LZS). The curved APH domains likely reflect the curva-
ture of the micelle surface. The nonamer structure overlays a sketch of a lipid
bilayer deformed by hydrophobic mismatch into a lipid half-pore based on
ideas presented in Refs. 42 and 82.
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Models for TatA-facilitated Translocation

Several observations suggest that TatA forms the transloca-
tion pore. It contacts substrate late in the transport reaction, is
required only for the transport step (28), is present in super-
abundance over TatB and TatC (Fig. 2), forms large oligomeric
assemblies (29, 30, 32) (Fig. 2A), and was found associated with
an apparent transport intermediate (70).

Two general pore models have been proposed. The first,
invoking form-fitting channels lined with TatA subunits (71,
72), was inspired by the appearance of channel-like structures
of varying diameter when TatA was detergent-extracted from
non-transporting membranes (71). Such channels might be
formed by concerted bilayer insertion of TatA APHs (73) to
produce a water-filled passageway, similar to the action of
amphipathic antimicrobial peptides (74). However, this model
is less attractive because recent analyses show that TatA exists
as small oligomers in non-transporting membranes (29,
32–34). In addition, the expected topology inversion entailed
by APH bilayer insertion was not found in two recent studies
that analyzed TatA topology before and during translocation
(50, 51).

A second model proposes that TatA assemblies “weaken” the
bilayer (75). Such weakening might occur by severe bilayer
thinning due to hydrophobic mismatch between the very short
TatA TM and the lipid bilayer. This model is supported by a
structure and modeling analysis of E. coli TatA (42) showing
that, whereas an oligomer of 25 TatA subunits is stable in deter-
gent, small oligomers would be unstable in a lipid bilayer. An
oligomer of between four and nine subunits would produce
severe distortions that destabilize intermolecular TM contacts
and lead to local bilayer rupture (42) (Fig. 3D). The translocase-
associated TatA assemblies are estimated to contain �25 TatA
subunits by fluorescence imaging (32) and kinetic measure-
ments (25), and disulfide cross-linking places oligomer size at
8 –16 TatA subunits (29). Thus, the TatA oligomers deemed
completely unstable in lipid bilayers have been shown to exist in
the translocase. This evokes a model whereby the translocase
creates an environment that permits the assembly of bilayer-
destabilizing TatA oligomers and harnesses this instability to
produce transient pores for substrate passage (29).

The strength of this model is that it agrees with and can
explain experimentally determined characteristics of the pro-
tein transport reaction. Topology studies with thylakoid mem-
branes (51) confirm structural studies of TatA in bicelles (40)
that the APH is angled in non-transporting conditions, effec-
tively relieving hydrophobic mismatch. The same topology
studies suggest that the APH is more evenly partitioned into the
bilayer interface in the translocase. Similarly, cross-linking
studies indicate that the translocase TatA docking site on TatC
places it higher in the membrane than the constitutively docked
TatA (Fig. 3B) (54). Both observations support the bilayer thin-
ning arrangement of translocase-associated TatA (Fig. 3D). The
model also explains the observation that translocase-associated
TatA oligomers are the same size whether induced by a syn-
thetic signal peptide or by a complete substrate protein (29),
and it gives a rationale for the translocase being assembled
anew for each substrate (16, 33). Collapse of a metastable TatA

oligomer might be subject to stochastic thermal fluctuations,
which would be consistent with the slow first order transport
kinetics following TatA assembly (25).

The Oligomeric TatBC Structure May Enable Gated TatA
Assembly to Form the Translocase

Regardless of the precise translocation mechanism, it is clear
that the environment in the translocase allows the TatA oli-
gomer to form. Stability may come from interactions between
the folded substrate and the TatA APH, but TatC scaffolding
surely provides considerable stability. It is also likely (42) that
the TatA oligomer would assemble by stepwise addition of
TatA monomers or very small oligomers.

The higher order arrangement of Tat (A)BC probably plays a
critical role in assembly of the TatA oligomer. Until now, I have
discussed the TatB-TatC heterodimer as a functional unit (Figs.
2A and 3, A and B). However, TatBC actually exists as a multi-
mer and appears to function as one. TatBC is estimated to
contain 6 – 8 copies of each protein based primarily on the elec-
trophoretic and chromatographic migration of the detergent-
solubilized complex (28, 52, 57). Several studies show that this
large complex is present in situ (33, 34, 56). The functional
necessity of multimeric TatBC is indicated by the fact that TatC
mutations that impair TatBC assembly also impair substrate
binding and transport (56, 60), whereas mutations in the RR
binding site do not affect assembly (56, 60). Multimeric TatBC
also appears capable of collectively binding and transporting
multiple substrates. Specifically, disulfide cross-linking of indi-
vidually bound substrates via their signal peptide H/C (54, 56)
and early mature domains (10) produced substrate dimers and
tetramers, respectively, indicating a common compartment for
binding multiple substrates. Efficient transport of the dimers
and tetramers without breaking the cross-links suggests that
TatBC units can combine to form a common translocation
pore. Genetic data suggest that the TatBC complex is built from
dimeric TatC units (76). In particular, a fused TatC dimer was
fully functional when one, not both, RR binding sites was
mutated. This is consistent with the positioning of the signal
peptide between two TatC subunits as illustrated in Figs. 3C
and Fig. 4.

The next major challenge will be to determine how TatBC
subunits are arranged to produce such a functional structure.
Photo- and disulfide cross-linking provide some insight. Cer-
tain TatC-TatC cross-links support a face-to-face dimer
arrangement of TatBC units (Fig. 4A). Disulfide scanning of
thylakoid TatC (56) produced TatC dimers from three different
concave face positions, whereas dimers were not obtained from
any of eight different convex side (back) positions (54, 56).
Disulfide scanning with E. coli TatC produced four physiologi-
cally relevant dimers (77): one in trans 1 loop on the concave
face (46), one in trans 2 loop that may face front or back, and
two in TM1 at the edge of the TatC cup. These latter two cross-
links are consistent if face-to-face TatC dimers are arranged
end-to-end. This configuration might allow a pair of dimers to
unfold into a tetramer (Fig. 4). In fact, certain cross-links pro-
duced by bismaleimide cross-linking of asymmetric pairs of Cys
residues support dynamic arrangements of TatBC dimers,
tetramers, and hexamers in which the concave faces of all TatCs
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point inward (46) (Fig. 4). The exact pairing geometry of TatBC
units is not entirely clear, but certain TatC-TatB photocross-
links suggest a possible arrangement. Blümmel et al. (46)
observed photocross-linking to TatB directed from TatC TM2
and TM4 as well as from TM5. Their interpretation is that the
TM of each TatB subunit in the multimeric TatBC complex
bridges TM5 of one TatC subunit and the TM2–TM4 cleft of an
adjacent or opposing TatC subunit (Fig. 4, A and B). This
arrangement can explain the observed cross-linking of E. coli
TatB trimers and tetramers (67, 78). It is also an intriguing
pairing because it places the TatB TM in the approximate site
where TatA appears to initiate translocase oligomer assembly.
Considering the high level of homology between the TMs of
TatA and TatB, this supports a role for TatB as regulatory sur-
rogate for TatA. In this regard, the simplest Tat systems func-
tion with just a TatC and a TatA.

Substrate binding appears to “subtly” change the arrange-
ment of TatBC subunits. Two of three disulfide cross-links
between thylakoid TatC subunits were greatly diminished by
prior binding of substrate. Substrate binding also increases the
stability of detergent-solubilized thylakoid TatBC complex on
blue native PAGE, increases stability of the TatB-GFP-TatC
complex in living E. coli cells (34), and changes the appearance
of TatBC in single particle EM imaging (57). Nevertheless, sub-
strate binding does not change the face-to-face arrangement of
TatBC units. As evidence, a study with thylakoids produced a

disulfide cross-linking product in which two bound substrates
were linked to each other via their signal peptide C domains and
were independently linked to separate TatC subunits via the RR
and RR binding site domains (54). Suggested arrangements for
TatABC units and substrate are shown in Fig. 4, C and D. These
arrangements preserve the head-to-tail arrangement of TatC
subunits for signal peptide binding and also create an enclosed
chamber for assembly of the TatA translocation oligomer.

PMF and Signal Peptide Binding as Assembly Triggers

Mechanisms for how the PMF and signal peptide trigger
TatA assembly are speculative. For thylakoids, the �pH com-
ponent of PMF probably protonates the TatA Glu-10, making it
energetically feasible to move up in the membrane to its dock-
ing site on TM4 and hydrogen-bond with TatC Gln-234 (Fig.
3B) (54). It is unclear how the PMF facilitates assembly of E. coli
TatA, where only the electrical component of the PMF is
required (79). Signal peptide binding must alter the association
of components to provide a TatA pathway to the interior as well
as an open assembly site on the concave TatC face. As depicted
in Fig. 4, this would involve altering the association of TatB with
TatC, which appears to block TatA entry into and assembly
within the central compartment (46, 54). Perhaps signal peptide
H domain binding displaces the TatB TM from the TatC TM2–
TM4 meshing site and also counterbalances the attraction of
TatB TM for TatC TM5, opening the way for TatA movement

FIGURE 4. Proposed arrangement of TatABC units and bound substrate in the multimeric receptor complex. Graphic models of TatB (yellow), TatA (red),
TatC (blue), and substrate (gray/black) are viewed from the cis compartment. The arrangements are based on cross-linking among Tat components and the
substrate signal peptide and early mature domain. TatC TMs are labeled 1– 6 on the top of the TMs, and only the TM helices of TatA and TatB are shown, except
in C, which shows N-terminal tails of TatB, which are known to collectively cross-link. A and B, the face-to-face arrangement of dimers and tetramers is based on
disulfide cross-linking, photocross-linking, and bismaleimide cross-linking (46, 54, 56) of TatC to TatC and photocross-linking between TatB and TatC (46). C and
D, the arrangement of the substrate-bound TatABC is based on signal peptide cross-linking to TatC (20, 21, 47, 54, 56) and TatB, and the decrease of certain
disulfide cross-links when signal peptide is bound. The signal peptide is depicted as a helical black line, the early mature domain is depicted as a dashed line, and
the folded domain of the substrate is depicted as a sphere. Note that substrate binding increases the size of the chamber created by TatBC units where the TatA
pore is proposed to assemble. It is also apparent that TatB controls TatA entry into the chamber. See the text for additional detail.
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to the interior. Opening of the TatA pathway might be infre-
quent and transient, considering the time scale of 1–3 min for
assembling the translocase (25). Such a transient “breathing” of
the Tat assembly might also be facilitated by an increased lat-
eral pressure on chamber walls due to the insertion of signal
peptides and early mature domains into the chamber. At pres-
ent, the nature of the TatBC enclosed compartment is not
known and has been speculated to be either aqueous or polar
lipid-filled (37, 38).

Perspectives

The mechanistic models presented here are preliminary,
with some aspects based on a single study; clearly these await
replication. However, they emphasize that a detailed map of the
subunit organization of TatABC with and without substrate is
crucial to further progress. Especially important are the inter-
actions of components and signal peptide that occur at TatC
TM5 because these appear to regulate assembly of the translo-
case. Molecular structures of relevant complexes would be a
major advance toward deciphering Tat mechanism, but even
additional cross-linking with functionally substituted compo-
nents and substrate would refine current maps. Certainly, other
approaches to these questions are essential.

The core issue, i.e. how do TatA assemblies enable passage of
the substrate across the membrane, is the most challenging
because transmembrane passage may occur quite rapidly. Indi-
rect clues to the mechanism may come by manipulating mem-
brane composition of bilayer-forming and non-bilayer-forming
polar lipids. The recently acquired ability to stabilize the trans-
locase (54) may permit freezing the translocase for structural
analysis. Nevertheless, even at this relatively early stage, it is
apparent to me that Tat transports proteins by the novel strat-
egy of organizing an unstable lipid/protein combination into
the nano-environment of the translocase. This creates a
restricted permeation pathway, whereas on a cellular level, the
same instability would be catastrophic.
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The study of cytoskeletal polymers has been an active area of
research for more than 70 years. However, despite decades of
pioneering work by some of the brightest scientists in biochem-
istry, cell biology, and physiology, many central questions
regarding the polymers themselves are only now starting to be
answered. For example, although it has long been appreciated
that the actin cytoskeleton provides contractility and couples
biochemical responses with mechanical stresses in cells, only
recently have we begun to understand how the actin polymer
itself responds to mechanical loads. Likewise, although it has
long been appreciated that the microtubule cytoskeleton can be
post-translationally modified, only recently have the enzymes
responsible for these modifications been characterized, so
that we can now begin to understand how these modifications
alter the polymerization and regulation of microtubule struc-
tures. Even the septins in eukaryotes and the cytoskeletal
polymers of prokaryotes have yielded new insights due to
recent advances in microscopy techniques. In this thematic
series of minireviews, these topics are covered by some of the
very same scientists who generated these recent insights,
thereby providing us with an overview of the State of the
Cytoskeleton in 2015.

The study of the protein polymers comprising the cytoskel-
eton is one of the more mature fields within biological chemis-
try and cell biology. Since the discovery of actin in the 1940s (1),
tubulin in 1967 (2), intermediate filaments shortly thereafter (3,
4) (Fig. 1), and finally the septins in the 1970s (5), the cytoskel-
etal polymers have been the focus of intense study, from struc-
tural analysis at atomic resolution to physiological functions in
mammals, producing some of the earliest seminal observations
of any biological molecular components made across such a
broad range of scales (e.g. Refs. 6 and 7). Even the prokaryotic
cytoskeletal polymers, which are relative newcomers, have now
been investigated for more than 25 years (8, 9). Given these
long-standing intensive and extensive studies, one might pre-
sume that there are but minor details left to learn from the
cytoskeletal polymer systems, and that all focus now is on
higher order regulation of these and other biological machiner-
ies as complex systems. Indeed, many genomic and proteomic
approaches have likewise been brought to bear on the regu-
lation of the cytoskeleton polymers (e.g. Refs. 10 –13). How-

ever, despite a nearly exhaustive library of regulatory factors
and binding partners, there are many fundamental questions
about the polymers themselves that are only now starting to
be answered, many of which have broad repercussions for
biology and human disease. In this minireview series, we
highlight some of the important outstanding problems of
and recent insights into each of the cytoskeletal systems, the
sum of which provides a brief overview of a mature yet still
thriving field of research.

It has long been appreciated that the actin cytoskeleton is one
of the most obviously contractile structural elements, even
within non-muscle cells (14). Indeed, mechanical forces
required to perform many diverse cellular functions are medi-
ated through the actin cytoskeleton (15). The importance of
these diverse functions is illustrated by the evolution of a wide
variety of actin regulators and nucleators, which combine to
specify distinct actin structures throughout the cell (16). Over
the past decade, it has become clear that several proteins asso-
ciated with the actin cytoskeleton change their biochemical
properties in response to mechanical stress (17–19). Given
these observations, understanding the mechanical properties of
the actin polymer itself has become increasingly important. In
the current issue, in the article entitled “Actin Mechanics and
Fragmentation,” De La Cruz and Gardel discuss how actin fila-
ments, both locally and at the larger scale of filament networks,
respond to mechanical inputs to alter local biochemical inter-
actions. They discuss how the mechanical properties of the
actin polymer contribute to the dynamics of the polymer itself
and its interactions with filament regulators such as severing
proteins, nucleators, and capping proteins. As we work toward
understanding how cellular mechanics contribute to human
diseases (20), a solid understanding of the mechanical prop-
erties of actin in its various architectures will be invaluable.

Perhaps even more important than actin for the mechani-
cal properties of cells and tissues are the intermediate fila-
ments, which can harden under strain (21) and stabilize
organelles within the cytoplasm (22). In fact, the composite
mechanical properties of intermediate filaments co-polym-
erized with associated actin filaments are not simply addi-
tive, but can produce differential stiffness based on the inter-
actions of the two networks (23). Perhaps unsurprisingly,
several human diseases can result from mutations in inter-
mediate filament genes, which likely alter the mechanical
properties of their encoded filaments. In this issue of the
JBC, in the article entitled “Intermediate Filaments Play a
Pivotal Role in Regulating Cell Architecture and Function,”
Lowery et al. review how the most widely distributed of the
intermediate filaments, vimentin, serves as an interface
between biochemical and mechanical signals to influence
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development and disease. As these reviews make clear, the
biophysical and biochemical properties of the cytoskele-
ton are inseparable and play profound roles in cellular
physiology.

Much of our understanding of the cytoskeletal machinery
can be summarized by the famous Feynman quote, “What I
cannot create, I do not understand.” Indeed, the ability of
biochemists to assemble various actin architectures in vitro using
combinations of purified components has led to a formal and
mechanistic understanding of how these structures can per-
form work in the cell (e.g. Ref. 24). Such an in vitro assembly
approach has been elegantly employed to demonstrate the
function of bacterial polymers as well (25). More recently, this
approach has become a powerful part of the toolset for unrav-
eling the complex and dynamic structures of the microtubule
cytoskeleton as a more complete list of regulatory proteins is
elucidated. In the current issue, in the article entitled “Building
the Microtubule Cytoskeleton Piece by Piece,” Alfaro-Aco and
Petry highlight some of the recent advances made using
in vitro combinations of microtubule-associated proteins

(MAPs)3 to reveal how their combined activities result in
specific ensemble functions. In some cases, these combined
activities result in complex functions and structures that are
not simply the sum of the individual parts, but rather form a
synergistic system with effectively new functions. In addi-
tion to the complexity of multicomponent MAP interac-
tions, recent work has also begun to uncover the roles of the
long-appreciated but poorly understood tubulin post-trans-
lational modifications. As discussed by Yu et al. in the cur-
rent issue, in the article entitled “Writing and Reading the
Tubulin Code,” these varied post-translational modifica-
tions appear to comprise a code that, when read by the MAPs
and other proteins, specifies distinct microtubule architec-
tures and dynamics in the cell. As an additional complexity,
the enzymes responsible for these post-translational modifi-
cations may also be subject to spatiotemporal regulation. It is
clear that, although we may now have the building blocks to
generate a diverse array of microtubule structures, we are

3 The abbreviation used is: MAP, microtubule-associated protein.

FIGURE 1. Canonical cytoskeleton elements in a zebrafish fibroblast. The image shows a Zf4 cell expressing GFP-tubulin (green) and mCherry-vimentin
(blue), which has been fixed with paraformaldehyde, permeabilized, and stained with Alexa Fluor 647 phalloidin (red). The image is a maximal intensity
projection of a confocal z-series taken on a Zeiss 810 LSM equipped with an Airyscan detector.
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still only beginning to understand how the cell uses these
building blocks for spatial control of physiological functions.

Clearly, one of the most important roles the cytoskeleton
plays in biology is to spatially organize the cell into specific
domains and shapes designed to enable specific functions. In
most animal cells, the cell cortex not only defines the cell shape,
but also provides forces needed for migration (26), provides
polarity cues to development (27), and defines membrane
domains (28). Emerging evidence suggests that, of the various
components of the cortex, the septins are critically important
for integrating the plasma membrane with the various cytoskel-
etal networks in spatially defined regions and domains. In the
current issue of the JBC, in the article entitled “Septin Form and
Function at the Cell Cortex,” Bridges and Gladfelter discuss the
current state of the art in our understanding of how the septin
polymers may recognize and alter local membrane composition
and cooperate with other cytoskeletal polymers to alter local
cell shape, and how these functions may be perturbed in human
disease.

For many years, the consensus view in biology was that only
the eukaryotes required cytoskeletal systems to spatially order
their internal cellular structures and segregate their chromo-
somes, but biologists have been disabused of this notion by the
demonstration of dynamic protein polymers in bacteria that
perform these same functions (9, 29). Although the first bacte-
rial polymers discovered have relatively clear counterparts in
the eukaryotic cytoskeleton (30), the variety of the prokaryotic
cytoskeletons reflects the diversity of the prokaryotic kingdoms
themselves (31). Furthermore, although the core function of
subunit polymerization dependent on nucleotide binding may
be conserved, the way in which these cytoskeletons carry out
their functions has distinct differences. In this issue, in the arti-
cle entitled “Bacterial Filament Systems: Toward Understand-
ing Their Emergent Behavior and Cellular Functions,” Eun et al.
discuss these diverse prokaryotic filament systems and how
comparing their similarities and differences is starting to
provide insights into the general rules governing polymer
assembly and dynamics, and how these affect prokaryotic
cellular functions.

It is clear from the spectrum of minireviews gathered in this
issue of the JBC that the cytoskeletal polymers still have much
to teach us about how cells organize themselves in space and
time, how they respond to and integrate both physical and
chemical cues, and how these mechanisms have evolved to
effectively carry out these diverse functions using combinations
of conserved building blocks. Indeed, these minireviews also
highlight the notion that, although we have a nearly complete
set of building blocks in this post-genomic era, it is how nature
combines these building blocks that ultimately creates emer-
gent properties and unexpected functions. Given the complex-
ities of these combinations and their broad impact on human
health and biology, the State of the Cytoskeleton in 2015
appears to be quite strong for years to come.
References

1. Straub, F. B. (1942) Actin. in Studies from the Institute of Medical Chem-
istry University Szeged, (Szent-Györgyi, A., ed) Vol. II, pp. 3–15, S. Karger,
Basel, New York

2. Borisy, G. G., and Taylor, E. W. (1967) The mechanism of action of col-

chicine: binding of colchincine-3H to cellular protein. J. Cell Biol. 34,
525–533

3. Ishikawa, H., Bischoff, R., and Holtzer, H. (1968) Mitosis and interme-
diate-sized filaments in developing skeletal muscle. J. Cell Biol. 38,
538 –555

4. Huneeus, F. C., and Davison, P. F. (1970) Fibrillar proteins from squid
axons. I. Neurofilament protein. J. Mol. Biol. 52, 415– 428

5. Byers, B., and Goetsch, L. (1976) A highly ordered ring of membrane-
associated filaments in budding yeast. J. Cell Biol. 69, 717–721

6. Suck, D., Kabsch, W., and Mannherz HG. (1981) Three-dimensional
structure of the complex of skeletal muscle actin and bovine pancreatic
DNase I at 6-Å resolution. Proc. Natl. Acad. Sci. U.S.A. 78, 4319 – 4323

7. Witke, W., Sharpe, A. H., Hartwig, J. H., Azuma, T., Stossel, T. P., and
Kwiatkowski, D. J. (1995) Hemostatic, inflammatory, and fibroblast re-
sponses are blunted in mice lacking gelsolin. Cell 81, 41–51

8. Bi, E. F., and Lutkenhaus, J. (1991) FtsZ ring structure associated with
division in Escherichia coli. Nature 354, 161–164

9. Jones, L. J., Carballido-López, R., and Errington, J. (2001) Control of cell
shape in bacteria: helical, actin-like filaments in Bacillus subtilis. Cell 104,
913–922

10. Klemke, R. L., Jiang, X., Choi, S., and Kelber, J. A. (2013) Proteomic and
biochemical methods to study the cytoskeletome. Methods Mol. Biol.
1046, 203–218

11. Radulovic, M., and Godovac-Zimmermann J. (2011) Proteomic ap-
proaches to understanding the role of the cytoskeleton in host-defense
mechanisms. Expert Rev. Proteomics 8, 117–126

12. Calligaris, D., Verdier-Pinard, P., Devred, F., Villard, C., Braguer, D., and
Lafitte, D. (2010) Microtubule targeting agents: from biophysics to pro-
teomics. Cell Mol. Life Sci. 67, 1089 –1104

13. Sobczyk, G. J., Wang, J., and Weijer, C. J. (2014) SILAC-based proteomic
quantification of chemoattractant-induced cytoskeleton dynamics on a
second to minute timescale. Nat. Commun. 5, 3319

14. Korn, E. D. (1978) Biochemistry of actomyosin-dependent cell motility (a
review). Proc. Natl. Acad. Sci. U.S.A. 75, 588 –599

15. Fletcher, D. A., and Mullins R. D. (2010) Cell mechanics and the cytoskel-
eton. Nature 463, 485– 492

16. Waterman, C. M., and Skau, C. (2015) Specification of architecture and
function of actin structures by actin nucleation factors. Annu. Rev. Bio-
phys. 44, in press

17. del Rio, A., Perez-Jimenez, R., Liu, R., Roca-Cusachs, P., Fernandez, J. M.,
and Sheetz, M. P. (2009) Stretching single talin rod molecules activates
vinculin binding. Science 323, 638 – 641

18. Kim, T.-J., Zheng, S., Sun, J., Muhamed, I., Wu, J., Lei, L., Kong, X., Leck-
band, D. E., and Wang, Y. (2015) Dynamic visualization of �-catenin re-
veals rapid, reversible conformation switching between tension states.
Curr. Biol. 25, 218 –224

19. Hoffman, L. M., Jensen, C. C., Chaturvedi, A., Yoshigi, M., and Beckerle,
M. C. (2012) Stretch-induced actin remodeling requires targeting of zyxin
to stress fibers and recruitment of actin regulators. Mol. Biol. Cell 23,
1846 –1859

20. DuFort, C. C., Paszek, M. J., and Weaver, V. M. (2011) Balancing forces:
architectural control of mechanotransduction. Nat. Rev. Mol. Cell Biol.
12, 308 –319

21. Ma, L., Xu, J., Coulombe, P. A., and Wirtz, D. (1999) Keratin filament
suspensions show unique micromechanical properties. J. Biol. Chem. 274,
19145–19151

22. Guo, M., Ehrlicher, A. J., Mahammad, S., Fabich, H., Jensen, M. H., Moore,
J. R., Fredberg, J. J., Goldman, R. D., and Weitz, D. A. (2013) The role of
vimentin intermediate filaments in cortical and cytoplasmic mechanics.
Biophys J. 105, 1562–1568

23. Jensen, M. H., Morris, E. J., Goldman, R. D., and Weitz, D. A. (2014)
Emergent properties of composite semiflexible biopolymer networks. Bio-
architecture 4, 138 –143

24. Pantaloni, D., Le Clainche, C., and Carlier, M. F. (2001) Mechanism of
actin-based motility. Science 292, 1502–1506

25. Garner, E. C., Campbell, C. S., Weibel, D. B., and Mullins, R. D. (2007)
Reconstitution of DNA segregation driven by assembly of a prokaryotic
actin homolog. Science 315, 1270 –1274

MINIREVIEW: The State of the Cytoskeleton in 2015

JULY 10, 2015 • VOLUME 290 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 17135



26. Bergert, M., Erzberger, A., Desai, R. A., Aspalter, I. M., Oates, A. C.,
Charras G, Salbreux, G., and Paluch, E. K. (2015) Force transmission dur-
ing adhesion-independent migration. Nat. Cell Biol. 17, 524 –529

27. Goehring, N. W., Trong, P. K., Bois, J. S., Chowdhury, D., Nicola, E. M.,
Hyman, A. A., and Grill, S. W. (2011) Polarization of PAR proteins
by advective triggering of a pattern-forming system. Science 334,
1137–1141

28. Dobbelaere, J., and Barral, Y. (2004) Spatial coordination of cytoki-

netic events by compartmentalization of the cell cortex. Science
305, 393–396

29. Erickson, H. P. (1995) FtsZ, a prokaryotic homolog of tubulin? Cell 80,
367–370

30. Erickson, H. P. (2007) Evolution of the cytoskeleton. Bioessays 29,
668 – 677

31. Cabeen, M. T., and Jacobs-Wagner, C. (2010) The bacterial cytoskeleton.
Annu. Rev. Genet. 44, 365–392

MINIREVIEW: The State of the Cytoskeleton in 2015

17136 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 28 • JULY 10, 2015



Actin Mechanics and
Fragmentation*□S

Published, JBC Papers in Press, May 8, 2015, DOI 10.1074/jbc.R115.636472

Enrique M. De La Cruz‡1 and Margaret L. Gardel§2

From the ‡Department of Molecular Biophysics and Biochemistry, Yale
University, New Haven, Connecticut 06511 and the §Institute for
Biophysical Dynamics, James Franck Institute, and Department of Physics,
University of Chicago, Chicago, Illinois 60637

Cell physiological processes require the regulation and coor-
dination of both mechanical and dynamical properties of the
actin cytoskeleton. Here we review recent advances in under-
standing the mechanical properties and stability of actin fila-
ments and how these properties are manifested at larger (net-
work) length scales. We discuss how forces can influence local
biochemical interactions, resulting in the formation of mechan-
ically sensitive dynamic steady states. Understanding the regu-
lation of such force-activated chemistries and dynamic steady
states reflects an important challenge for future work that will
provide valuable insights as to how the actin cytoskeleton
engenders mechanoresponsiveness of living cells.

Actin Cytoskeleton

The non-covalent polymerization of the cytoskeleton pro-
tein actin (Fig. 1) into linear filaments powers a variety of non-
muscle cell movements underlying their migration, division,
and assembly into multicellular tissue (1). Cross-linking pro-
teins arrange filaments into higher-order assemblies such as
parallel bundles of filopodia and microvilli, isotropic networks
of the cortex, and contractile bundles in the lamella that pro-
vide cells with mechanical integrity, sensing, and shape (2– 4).
Contractile myosin motor proteins generate force and work
output (i.e. motility and transport) along filament tracks, in
both muscle and non-muscle cells (5).

Actin filaments grow and shrink from their ends through
subunit addition and loss, respectively. Accordingly, the overall
assembly dynamics and turnover of the actin cytoskeleton in
cells is influenced by factors that modulate the filament end
concentration. Nucleating proteins and complexes generate
new filament ends, often branching from existing filament tem-
plates (1). Capping proteins bind filament ends and slow or
inhibit subunit addition (1). Severing and contractile proteins

fragment actin filaments and accelerate actin turnover in cells
and in reconstituted biomimetic systems (6 –12).

Actin Structure

Actins are single polypeptide chain proteins (�375 amino
acids with an �42-kDa molecular mass) folded into a U-shaped
structure containing four subdomains (SD1– 4) with a bound
adenine nucleotide, either ATP, ADP-Pi, or ADP, and an asso-
ciated divalent cation, Mg2� in cells, bound within the cleft
separating subdomains 1–2 and 3– 4 (Fig. 2A). Actin filaments
are commonly described as either a one-start, left-handed helix
of subunits with a 2.77-nm rise per subunit (13) or a two-start,
right-handed helix with half-staggered filament strands dis-
playing an �72-nm repeat (14). However, filaments in solution
adopt multiple distinct structural states (referred to as “struc-
tural polymorphism”(15)) with variable twist and subunit tilt
distributions that are influenced by regulatory protein occu-
pancy and external forces. Thus, one actually refers to a subset
of populated states when describing actin structure.

Polymerization is associated with a conformational change
in actin, such that incorporated filament subunits appear “flat-
tened” when compared with free monomers (16, 17). Extensive
intersubunit contacts stabilize filaments (16 –18), and an indi-
vidual subunit contacts four neighboring actin molecules (Fig.
2A). Longitudinal contacts within a strand are thought to be
stronger than lateral contacts across the strands (19). The
DNase I binding loop (residues 36 –52 of SD2; Fig. 2A) adopts a
variety of conformations (20), some of which make important
long-axis, intersubunit contacts, and plays a central role in reg-
ulating actin filament structure and mechanical properties
(21, 22).

Actin Filament Mechanical Properties

Actin filaments are polymers with lengths ranging up to �10
�m in solution (23) (Fig. 2B). The local asymmetry arising from
the ribbon structure averages out to a diameter of �6 nm on the
length scales associated with analysis of individual filament and
network mechanics. How filaments deform in response to force
is governed by their mechanical elastic properties. Recent bio-
chemical, biophysical, and computational studies have revealed
the molecular and geometric origins of actin filament mechan-
ical properties and how solution conditions, particularly cat-
ions, influence them.

Bending, torsional, and twist-bend coupling elasticities dom-
inate individual actin filament mechanical properties. The flex-
ural, or bending, rigidity as well as the extent of deformation
determine the energy required to bend a filament segment of a
certain length. Likewise, the energy require to twist a filament is
determined by the twisting rigidity and the torsional angle that
overwinds or unwinds the filament. Twist-bend coupling rep-
resents an obligatory coupling between bending and twisting
motions, such that filament bending introduces twist and vice
versa (24, 25) (Fig. 2C). Actin filaments are rather resistant to
stretching (26). However, stretching forces dampen bending
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and twisting motions (27), and can have significant effects on
filament structural dynamics.

Filament mechanical properties are determined by the
strength and distribution of intersubunit contacts (24). Subunit
compliance and compressibility (28, 29) presumably play a role
in overall filament mechanics. However, mathematical and
computational models that treat filament subunits as incom-
pressible entities capture the reported mechanical parameters
with reasonable accuracy (24, 25). Filaments twist more easily
than they bend, which manifests itself as a larger bending than
torsional rigidity.

Solution cations bind and stiffen some, but not all (e.g. Sac-
charomyces cerevisiae), actin filaments (20, 30). Substitution of
a single amino acid residue positioned between adjacent, long-
axis filament subunits confers S. cerevisiae actin filaments with
salt-dependent bending stiffness (30). The filament bending
stiffness (i.e. flexural rigidity, �) is equal to the product of the
shape-independent stiffness of the protein material (i.e. appar-
ent Young’s modulus, Eapp; referred to as apparent because pro-
teins are not homogenous isotropic materials) and the shape-
dependent second moment of area (I), which is determined by
the strength and distribution of intersubunit contacts. Fila-
ments possessing this “stiffness cation site” display salt-depen-
dent structure and intersubunit contacts, suggesting that stiff-
ness cations may exert their effects on filament mechanics by
binding to discrete sites at subunit interfaces and altering the
radial distribution (I) and/or the strength (Eapp) of the intersub-
unit contacts (18). A mechanism in which cations bind at distal
sites and allosterically alter intersubunit contacts is also plausi-
ble (31). The DNase I binding loop of SD2 participates in lon-
gitudinal intersubunit contacts, plays a central role in modulat-
ing the filament bending stiffness and displays salt-dependent
conformations, making it an attractive structural element for
linking salt-dependent filament structure and mechanics.
Changes in filament stiffness can also arise from side binding
proteins. For example, tropomyosin stiffens actin filaments by
increasing its geometric movement (32).

Mechanically strained filaments (e.g. deformed in bending
and/or twisting) store elastic free energy in their shape. The

FIGURE 1. Actin filament organization and deformation in Aplysia neuro-
nal growth cones. A, an example of a Filipodium actin filament bundle buck-
ling (region of interest defined by a red box). Filaments are labeled with
rhodamine phalloidin. B, high magnification rotary shadowed electron micro-
graph of a similar region. Images provided by Dr. Paul Forscher (Yale
University).
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ADP
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FIGURE 2. Actin filament structure and mechanics. A, the four actin sub-
domains are numbered accordingly, and the DNase I binding loop is labeled.
Bound ADP is colored green. The two strands are colored violet or orange. B,
two images of an Alexa Fluor 488-labeled actin filament undergoing ther-
mally driven bending fluctuations. The filament length is �20 �m. C, top and
side view of a buckled actin filament demonstrating out-of-plane deforma-
tion caused by twist-bend coupling elasticity (Reprinted from Ref. 24, De La
Cruz, E. M., Roland, J., McCullough, B. R., Blanchoin, L., and Martiel, J.-L. (2010)
Origin of twist-bend coupling in actin filaments. Biophys. J. 99, 1852–1860,
with permission from Elsevier and the Biophysical Society). D, table of actin
filament bending (LB), torsional (LT), and twist-bend (LTB) persistence lengths
under standard polymerizing conditions (50 mM KCl, 1–2 mM MgCl2, pH 7.0,
and without phalloidin or associated regulatory proteins) for filaments com-
posed of subunits of the indicated nucleotide states. These persistence
lengths are composite values representing weighted average of all popu-
lated filament conformations, as noted in the text, and the absolute persis-
tence lengths of the various, individual filament structures are likely to vary.
Values are from Ref. 24.
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stored energy density depends on the deformation amplitude
and the bending rigidity; larger deformations store more energy
than small ones, and stiff filaments store more energy than
compliant ones at identical deformations. Relaxation back to
the straight conformation can potentially be used to generate
work and/or force. Alternatively, the deformation amplitude
and stored energy can reach the point of irreversibility, causing
the filament to fragment.

Thermal energy (kBT, where kB is Boltzmann’s constant and
T is temperature in Kelvin) can be sufficiently large to induce
actin filament shape fluctuations. The filament length at which
the deformation energy compares to thermal energy defines the
persistence length, which can be defined for bending (LB),
twisting (LT), and twist-bend coupling (LTB) deformations (Fig.
2D). Filaments behave as rigid rods at lengths much shorter
than the persistence length, as flexible polymers much larger
than the persistence length, and as semi-flexible polymers at
lengths comparable with the persistence length (33). The bend-
ing fluctuations reduce the filament end-to-end length, and the
force required to extend and “straighten” the filament is deter-
mined by the energy required to reduce the bending fluctuation

amplitude. This entropic spring constant is both highly sensi-
tive to the length of filament segment and becomes highly non-
linear as the end-to-end length approaches the full polymer
contour length (34) (Fig. 3).

Compressive forces tend to excite the longest wavelength
(softest) bending mode, which is comparable with kBT for
micrometer length filaments. At a critical compressive force,
referred to as critical or Euler force, buckling will occur. The
critical force scales linearly with filament bending rigidity and
inversely with the square of the filament length (e.g. it takes four
times less force to buckle a 2-�m filament than a 1-�m one with
identical bending rigidity) (35). This different response to
extension and compression gives filaments a highly asymmetric
force extension curve (Fig. 3) that can be approximated in
coarse-grained models as cables (36) and is a powerful mecha-
nism by which actin networks can sense (and respond) to dif-
ferent types of stresses (9).

Cross-linking proteins organize filaments into parallel (or
antiparallel) bundles. The mechanical parameters (twist, bend,
and extension) of bundles depend on the width of the bundle
and length of the filaments comprising them, as well as the
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FIGURE 3. Force extension of actin filaments. Shown is a linear log plot of the force required to achieve a given end-to-end length of an actin filament 1-�m
in contour length. (Note that on a linear log plot, linear functions appear as exponentials instead of straight lines). At room temperature (300 K) and zero force,
thermal bending fluctuations along the length of the filament reduce the end-to-end distance below the contour length to �983 nm (76), although the
contour length is less than the persistence length of actin (10 �m). For small positive (or negative) forces, the filament behaves like a linear entropic spring, with
an extension (compression) that is directly proportional to the force (dashed red line) (76). For forces larger than �0.1 pN, this entropic spring becomes
non-linear, diverging as the end-to-end distance approaches the contour length in the case of an inextensible filament (dotted black line), just as for a
worm-like chain (76, 81). Actin filaments are not inextensible, however, and the incorporation of a Young’s Modulus of 2.3 gigapascals (26) and proper
renormalization of the force (76) yields a more complete picture (solid black line), wherein filaments may be extended beyond their contour length. At forces
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(dashed blue line). Experiments (82) suggest that filaments rupture at forces of �400 pN. Under compression, the critical Euler buckling force is �0.4 pN (76),
allowing for a large range of end-to-end distances under nearly constant force (solid black line). Inset: the same curves plotted on a linear-linear plot. The
complete response can barely be distinguished from the nonlinear entropic response over this range of forces. The equations used to generate these plots can
be found in supplemental File S1.
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density, mechanics, affinity, and exchange kinetics of the cross-
links. For instance, filaments in bundles formed with a compli-
ant cross-linker (e.g. plastin) can readily slide past each and are
weakly coupled such that the bundle stiffness increases linearly
with the number of actin filaments (37). By contrast, when fil-
aments become tightly coupled to each other by use of crowd-
ing agents or high density of compact cross-linker (e.g. fascin),
the bundles act as single unit that displays a bending persistence
length that scales quadratically with the number of filaments in
the bundle (23, 37). In some cases, the cross-link density can
impact the degree of coupling and the observed scaling of bun-
dle stiffness (37, 38). Because actin cross-linking proteins are
dynamic, the bundle mechanics are also frequency-dependent
and depend on the cross-link dynamics as well (37, 39).

Filament Fragmentation

Fragmentation by severing and contractile motor proteins
accelerates actin network turnover and assembly dynamics by
increasing the concentration of filament ends where subunits
can add and dissociate. As described above, compressive
stresses buckle filaments. However, filaments under compres-
sive loads do not deform indefinitely. Rather, they buckle and
bend until they reach a deformation curvature where the stored
elastic energy exceeds that holding the subunits together and it
becomes energetically more favorable for the filament to frag-
ment than remain intact (40). Estimating this stored energy and
force requires that all elastic contributions be considered (e.g.
bending, twisting, and coupling) because they all contribute to
the local energy density that eventually causes filament subunit
interface “bonds” to rupture (40).

Several classes of regulatory filament-severing proteins have
been identified (14). Gelsolin and ADF3/cofilin family members
have been characterized most extensively at the biochemical
and biophysical level with purified components (14). Gelsolin
severs filaments by inserting one of its structural domains
between long axis filament subunits, compromising stabilizing
intersubunit interactions and promoting fragmentation.
Formin INF2 may sever filaments by an analogous insertion,
or “wedging,” mechanism (41).

The filament-severing mechanism of ADF/cofilin (hereto-
fore referred to as cofilin) appears to be distinct from that of
gelsolin and INF2. Cofilin isoforms within and across organ-
isms and species are not identical, and often the observed bio-
chemical activities depend on the isoform and conspecific
nature of the actin (42, 43), indicating that the chemical and
physical properties of actin itself can influence cofilin function.

Cofilins bind weakly to “young” ATP- and ADP-Pi actin fila-
ments and bind orders of magnitude more strongly to “old”
ADP-actin filaments (42), which allows for spatially targeted
disassembly (44). Vertebrate cofilin binding is positively coop-
erative (43). Association is far below the diffusion limit for
encounter (45) and limited by filament shape fluctuations (45,
46), suggesting opportunistic binding to compliant filament
segments (45). Severing occurs preferentially at or near bound-
aries (e.g. junctions) between bare and cofilin-decorated seg-

ments (47), explaining why the severing activity peaks when
filaments are partially decorated (31, 43, 47–51).

Multiple factors likely influence the severing activity of ADF/
cofilin, and the contributions of some have yet to be fully
resolved. Cofilin alters filament twist (52) and subunit tilt (53),
renders filaments more compliant in bending (54) and twisting
(55, 56) by dissociating filament-associated stiffness cations
(31), and binds filaments in at least two distinct binding modes
that may be differentially associated with severing and/or
depolymerization activities (44). Thermally driven severing (e.g.
in the absence of applied external loads) is weak and presum-
ably dominated by thermodynamic effects originating from
structural phase discontinuities at boundaries between bare
and decorated segments. Boundaries fragment at smaller defor-
mations than either parent filament (50), suggesting that
boundaries are “bad joints” that are susceptible to fragmenta-
tion, analogous to the interfacial fracture of some non-protein
materials (12). Srv2/CAP (cyclase-associated protein) may
enhance severing by cofilin by inducing further conformational
changes at boundaries (57). It is also conceivable that cofilin at
the end of a bound cluster (43, 44) preferentially adopts a dis-
tinct binding mode (e.g. “severing”) from cofilin within a cluster
(e.g. “non-severing”). However, a correlation between filament
dynamics and thermally driven fragmentation has also been
observed (31, 49, 50, 58), suggesting that filament mechanics
and the structural dynamics at boundaries can potentially play a
role, even in the absence of external load. An attractive model
(53) implicates allosteric propagation of cofilin-linked confor-
mational changes (47, 55, 59) to bare, undecorated segments
where local, stabilizing cofilin-actin interactions are absent,
thus leading to fragmentation within the bare side of
boundaries.

Actin-interacting protein 1 (Aip1 (60)) accelerates the fila-
ment-severing activity of cofilin. One model of enhanced sev-
ering (61) implicates further structural changes in cofilin-actin
induced by Aip1, possibly a wedge-like mechanism where cofi-
lin is inserted between adjacent long-axis neighbors. Consistent
with a functional ternary Aip1-cofilin-actin complex, Aip1 does
not dissociate cofilin and enhances severing at all cofilin occu-
pancies (62). However, a different study (63) favors an alternate
mechanism (64) in which Aip1 simply competes with cofilin,
dissociating it from actin and introducing additional boundar-
ies where severing can occur.

The various factors contributing to filament severing may
play different roles under cellular conditions. For example,
active forces generated by contractile proteins may play a more
dominant role (8, 11, 12). The mechanical properties and
response of filaments are central to understanding fragmenta-
tion in this context because the mechanical heterogeneity and
discontinuities introduced by cofilin will lead to unique behav-
iors that deviate from mechanically homogenous, bare actin
filaments (40). Similarly, confinement within the elastic matrix
of the cytoplasm (65) will influence the deformation and pre-
sumably fragmentation.

Control over Actin Network and Bundle Architecture

Actin cross-linking and bundling proteins assemble fila-
ments into larger scale networks and bundles. Cross-linking

3 The abbreviations used are: ADF, actin depolymerizing factor; Aip1, actin-
interacting protein 1; pN, piconewtons.
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proteins are monomeric or homodimeric proteins that contain
two filament binding sites. Cross-linking proteins can vary con-
siderably in their affinity, compliance, and distance between
actin binding sites. Smaller cross-linkers (e.g. fascin and fim-
brin) form compact bundles, whereas larger, more compliant
cross-linkers (e.g. filamin and �-actinin) form loose bundles or
“mesh-like” networks. Most cross-linkers exhibit both behav-
iors with the tendency to form at high cross-linker concentra-
tions. When a stress is applied to an actin network or bundle,
the deformations and dynamics of filaments and actin cross-
linking proteins determine the mechanical response. In gen-
eral, this mechanical response will, in some circumstances,
behave like an elastic solid, and in others, it will behave like a
viscous fluid. Thus, actin networks can be considered viscoelas-
tic in their mechanical response.

The architecture of cross-linked actin networks is deter-
mined both by filament assembly dynamics (rate of nucleation,
growth, and severing) and by factors controlling cross-linking
(cross-link kinetics and concentration) and actin filament con-
centration and length (66, 67). In the absence of cross-linkers,
assembled filaments display a homogeneous distribution with a
relatively uniform average distance between filaments (termed
the “mesh size”). Filaments longer than the mesh size are steri-
cally entangled in the network. Steric entanglements constrain
filament motions and, consequently, give rise to viscoelastic
behavior (68, 69). Steric entanglements also prevent realign-
ment of filaments into bundles (66). Thus, the architecture of
cross-linked networks is determined by competing timescales
of bundle formation and the arrested mobility that occurs with
entanglement. For a given cross-link type and density, fast
growing filaments form fine meshworks, whereas slowly elon-
gating filaments form networks of dense bundles (70). Thus,
architecture of cross-linked actin network is kinetically deter-
mined, reflecting an arrested or kinetically “trapped” state
rather than the lowest energy state defined by true thermody-
namic equilibrium (66, 71).

As a result, the actin cytoskeletal architectures found within
living cells will exist in a dynamic steady state determined by a
balance of filament assembly and disassembly dynamics and
regulatory protein interactions. These microscopic rates, as
discussed above, may also be force-regulated.

Actin Network Mechanics

The mechanical properties of the actin networks will deter-
mine the extent and pattern of deformation in response to

mechanical stress. The type of response will depend on the
spatial scale, direction, duration, and magnitude of the applied
stress. For example, at the scale of a single bundle or filament,
the mechanics can be dominated by the local compressional,
stretching, or bending rigidity of the filament/bundle depend-
ing on the direction of the applied force. At longer length scales,
the mechanical response is dominated both by the mechanics of
individual elements as well as by how the filaments/bundles are
connected together. Thus, actin network architecture deter-
mines the mechanical properties of the elements as well as
which types of microscopic deformations occur in response to a
macroscopic stress. Below, we describe two regimes that dom-
inate actin network mechanics.

In filament networks or bundles that are densely cross-
linked, the deformations are self-similar, or affine, from micro-
scopic to macroscopic length scales. For shear or extensional
stress, this results in a mechanical response that is domi-
nated by stretching of filaments or bundles (Fig. 4A). The
relationship between the stress (force per unit area) and
strain (relative deformation) provides a measure of elastic
modulus. The elastic modulus has units of energy per volume
and can be thought of as the amount of energy required to
deform the medium. The elastic modulus of filament net-
works is determined both by the actin filament/bundle con-
centration and the stretching and/or by the bending modu-
lus of the filament/bundle itself. Thus, factors that affect the
stretching/bending modulus of the filament or bundle (e.g.
time scales and applied stress) will directly impact the mac-
roscopic mechanical response. Indeed, the nonlinearity of
the extensional spring constant of actin filaments can
directly manifest into a nonlinear stiffening of cross-linked
networks in response to stresses applied externally (72, 73)
or generated internally (e.g. by myosin motors) (74). Strain
stiffening in networks composed of linearly elastic fila-
ments/bundles can also arise from geometric effects (75, 76).

As the cross-link or filament density is reduced, the sparse
connectivity within the network results in deformations that
are not self-similar (non-affine) from microscopic to macro-
scopic length scales. For instance, shear deformation at the
macroscopic length scale generates filament bending, with a
small fraction of filaments/bundles bearing the majority of the
stress. Here the bending-dominated response at the micro-
scopic scale results in softening of the network at macroscopic
scale.
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FIGURE 4. Mechanical response of actin networks. A, schematics indicating the bend-dominated deformations that occur in low density and sparsely
cross-linked filament networks (top) and stretch-dominated deformations that occur in high density and densely cross-linked actin networks. B, a full state
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The mechanical response of filament networks is nearly
always dependent on the measurement frequency. Energy dis-
sipation arises over a broad range of time scales, ranging from
filament fluctuations at high frequencies to cross-link unbind-
ing/unfolding and filament turnover at long time scales. Energy
dissipation results in the networks behaving like a fluid,
whereby applied stress results in a constant rate of deformation
(strain rate) and the ratio determines the viscosity. Experiments
of stabilized filaments with dynamic cross-links yield viscoelas-
ticity over a large range of time scales, with approximately equal
contributions of elasticity and viscosity to the mechanical
response. However, it is still uncertain whether networks
formed with dynamic filaments could be well approximated as a
fluid. Recent simulations suggest that this may be the case (77)
as models of actin as a viscous fluid appear to perform reason-
ably well in recapitulating observed flows in cells (78).

Mechanochemical Feedback in Dynamic Steady States

The response of actin filaments and associated binding pro-
teins to applied stress provides a natural mechanism to modify
the large-scale network architecture in response to externally
applied or internally generated stresses. For actin networks that
are in a dynamic steady state with polymer disassembly/assem-
bly, forces that alter the local rate of filament stability (disas-
sembly), assembly, or binding of actin-binding proteins will
induce a transition to a new dynamic steady state. Although the
experimental characterization of such mechanochemically
responsive actin networks is still in its nascent stages, recent
data suggest that distinct modules may differentiate branched
versus contractile networks in response to stress.

The filament binding affinity of the Arp2/3 complex depends
on the filament curvature (79), raising the possibility that a
branched network exhibiting a compressive load could respond
both by modulating the branch density and possibly by cofilin-
mediated severing and filament subunit exchange. Together,
this will increase the branch density and decrease average fila-
ment length, resulting in increased force generation network
stiffness as a result of the applied load.

In contractile networks containing actin and myosin II fila-
ments, network contraction arises from filament bending and
buckling (9). This results in a preferential severing of com-
pressed, buckled filaments, thereby altering the local filament
end density. In the presence of barbed end capping proteins,
this could result in local disassembly from the pointed end,
whereby in the presence of barbed end elongation factors, this
would result in enhanced assembly. Unraveling how these
mechanochemical feedbacks can be used to achieve the
dynamic steady states observed in cells and enable cell mecha-
nosensing will be an exciting area of future study.
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Intermediate filaments (IFs) are composed of one or more
members of a large family of cytoskeletal proteins, whose
expression is cell- and tissue type-specific. Their importance in
regulating the physiological properties of cells is becoming
widely recognized in functions ranging from cell motility to sig-
nal transduction. IF proteins assemble into nanoscale biopoly-
mers with unique strain-hardening properties that are related to
their roles in regulating the mechanical integrity of cells. Fur-
thermore, mutations in the genes encoding IF proteins cause a
wide range of human diseases. Due to the number of different
types of IF proteins, we have limited this short review to cover
structure and function topics mainly related to the simpler
homopolymeric IF networks composed of vimentin, and spe-
cifically for diseases, the related muscle-specific desmin IF
networks.

Intermediate filaments (IFs)2 are composed of one or more
members of a large family of mainly cytoskeletal proteins
encoded by over 70 genes. These proteins, which typically form
10-nm filaments, are classified into five major types based on
their structure and sequence homology. The first four types
(I–IV) are cytoplasmic, whereas type V IFs reside in the
nucleus. Types I and II are the acidic and neutral-basic keratins,
which assemble into heteropolymeric filaments, typically in
epithelial cells. In humans, there are 54 different keratins,
which are expressed according to cell type and stage of differ-
entiation (1). Type III IFs are composed of homopolymers of
vimentin, desmin, peripherin, or glial fibrillary acidic protein
(GFAP). Vimentin is typically expressed in fibroblasts, but is
also in endothelial cells, the eye lens epithelium, and the den-

dritic reticulum cells of lymphoid follicles; desmin is the major
IF protein of smooth, skeletal, and cardiac muscle; peripherin is
found mainly in neurons of the peripheral nervous system; and
GFAP is located in astrocytes and glial cells. Type IV IFs include
those expressed in the nervous system either as complex het-
eropolymers such as the neurofilament triplet proteins (NF-L,
NF-M, and NF-H) or as homopolymers of �-internexin. Nestin,
another Type IV protein, cannot form IFs on its own, but only in
association with other IF family members such as vimentin or
desmin. Type V IFs include the nuclear lamins (lamin A/C, B1,
and B2), which are nucleoskeletal proteins and therefore will
also not be discussed here. Another IF protein, filensin, is not
classified into any of these five types because of major devia-
tions in the consensus domains of the �-helical rod domain.
Filensin is expressed during differentiation of the lens epithe-
lium, and together with phakinin, another IF protein of 47 kDa,
it forms heteropolymers resembling a beaded chain (2).

IF proteins comprise anywhere from 0.3 to 85% of total cell
protein (3, 4) and are major building blocks of cellular architec-
ture. Recent studies demonstrate that IFs are involved in many
cell physiological activities including motility, shape, mechan-
ics, organelle anchorage and distribution, and signal transduc-
tion (5– 8). Their significance in cell physiology is becoming
widely recognized, as more and more human diseases are linked
to mutations in cytoskeletal IF genes (9). Due to space limita-
tions, this review focuses on the Type III proteins, vimentin and
desmin, which assemble into homopolymers in a variety of dif-
ferentiated cell types, but during embryogenesis form copoly-
mers in developing myocytes and myofibers (10). Notably, dur-
ing evolution, the primary amino acid sequences of both of
these Type III proteins have changed very little from
elasmobranchs to primates. Moreover, certain short sequence
motifs that distinguish vimentin from desmin, which are inter-
spersed within extended stretches of sequence identity, have
been conserved in both humans and sharks (11).

In general, the sequencing of many IF proteins has shown
that they consist of a structurally conserved central �-helical
rod domain of three sub-helices connected by two linkers, L1
and L12, respectively. The rods are flanked by intrinsically dis-
ordered, non-�-helical amino- (“head”) and carboxyl-terminal
(“tail”) domains. The rod domains of two IF polypeptide chains
align in parallel and in register to form coiled-coil dimers (12).
During renaturation from chaotropic agents, dimers associate
laterally in an antiparallel and approximately half-staggered
fashion to form tetramers. Typically, eight of these tetramers
assemble into “unit length” filaments (ULFs), which anneal end
to end in an elongation phase to yield non-polar filaments,
which are distinctly different from the normally polarized
microtubules, and actin filaments. At a certain length, growing
filaments radially compact as a final step in the formation of
mature IFs of 10-nm cross-sectional diameter (13) (Fig. 1). This
basic structure of vimentin and desmin IFs endows them with
super-elastic and much more flexible properties when com-
pared with actin and microtubules (14 –16). Indeed, it has been
shown for desmin IFs and neurofilaments that a single filament
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can be stretched to more than three times its length before it
breaks (17). Furthermore, in rheological experiments, IFs were
shown to be flexible at low strain, whereas at high strains, they
stiffen and resist breakage (18). It is now understood that this
distinct strain-stiffening property makes IFs major factors in
regulating the mechanical properties of cells.

Vimentin IF Networks Are Dynamic Components of
Cellular Architecture

Vimentin IFs were originally thought to be very stable, i.e.
skeletal structures with little subunit exchange. However, stud-
ies involving microinjection of fluorophore-tagged vimentin,
fluorescence recovery after photobleaching, and photoactivat-
able GFP probes have demonstrated that the pervasive vimen-
tin IF networks of mammalian cells in fact form highly dynamic
linkage elements between the cell surface and the nucleus (19,
20). During various cellular processes such as the cell cycle, cell
migration, cell spreading, and cell signaling, vimentin IFs
undergo changes in their organization that are functionally sig-
nificant (8, 21–26). For example, as BHK-21 cells progress from

late prophase into metaphase of the cell cycle, vimentin IF orga-
nization changes from an elaborate and extensive polymerized
network to non-filamentous particles (27). This organizational
change requires phosphorylation of vimentin by cyclin-depen-
dent kinase 1 (cdk1), which drives the disassembly of vimentin
IFs, a step necessary for its incorporation into daughter cells
during mitosis and cytokinesis (26 –28). Furthermore, the local
disassembly of vimentin IFs in migrating cells is necessary to
facilitate the actin-based protrusion of lamellipodia (22). Using
various microscopy techniques, three assembly states of vimen-
tin IFs can be recognized in cells: non-filamentous particles,
likely representing single or small aggregates of ULFs; short IFs
representing end-to-end linkages of ULFs (29); and long or
mature IFs (Fig. 1). Particles and short filaments are thought to
be precursors to the long vimentin IFs comprising the complex
networks present throughout the cytoplasm (21). It has also
been shown that subunit exchange can occur at many sites
along mature vimentin IFs in an apolar fashion and that the
exchangeable form is a tetramer (30). Interestingly, it appears
that vimentin IF assembly can be influenced by changes in cel-

FIGURE 1. Different states of vimentin IF assembly. a, negative-stain electron microscope images of vimentin IF assembly in vitro. Immediately (10 s) after
initiating assembly, ULFs form; after 1 min, end-to-end linkages of ULFs form short IFs; after 5 min and 1 h, long mature IFs are assembled (taken from Ref. 2).
b, model showing three phases. Phase 1: tetramers assembling laterally into ULF with non-�-helical head and tail domains projecting from the ends of eight
tetramers comprising the core coiled-coil region (darker green), Phase 2: end-to-end associations of ULF to form loosely arrayed short IFs. Phase 3: a mature
radially compacted short IF. Short IFs can link in tandem to form longer mature IFs. c, total internal reflection fluorescence images of Emerald-tagged vimentin
IF assembly states in the lamella/lamellipodial region of a live moving fibroblast. Note non-filamentous particles (arrowheads), short IFs (asterisks), and long IFs
(arrows). d, many of the particles and short IFs move rapidly (see arrows pointing to a short IF at 5-s time intervals moving toward and appearing to link with
another short IF (arrowhead)). Scale bars, 100 nm (a) and 3 �m (c and d).
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lular tension and morphology because various cell types exhibit
biphasic changes in vimentin solubility as a function of sub-
strate stiffness (31). Evidence suggests that vimentin particles,
as well as short and long IFs, move along microtubule tracks via
kinesin and dynein motors. However, the mechanisms linking
IF to these motors remain unknown.

Vimentin IFs and Cellular Mechanics

Recent studies have revealed that vimentin IFs are important
regulators of the intracellular changes in cytoplasmic mechan-
ics that accompany various physiological activities such as cell
contraction, migration, proliferation, and organelle positioning
(32). Support for their mechanical roles comes from active
micro-rheology and optical magnetic twisting cytometry
experiments, which reveal that vimentin IFs are major contrib-
utors to the intracellular stiffness of the cytoplasm. In this
regard, the cytoplasm of normal fibroblasts expressing vimen-
tin IFs is approximately twice as stiff as fibroblasts that are null
for vimentin expression. In contrast, the cortical stiffness in
these two cell types is identical as measured by optical magnetic
twisting cytometry (32). This contribution of vimentin IFs to
cytoplasmic stiffness is thought to help stabilize the positions of
organelles, preventing their displacement by random fluctuat-
ing cytoplasmic forces. This suggests that vimentin IFs can
localize intracellular organelles by tethering (6, 32) (see below).
It has also been shown that vimentin-null fibroblasts are more
easily deformable than wild-type fibroblasts in response to
increasing compressive stress (33, 34). In addition, vimentin IFs
enhance the elastic properties of cells, and this response
increases as a function of substrate stiffness, suggesting that IF
networks can adapt to mechanical changes in their environ-
ment, thereby preserving the mechanical integrity of cells (33).
Interestingly, in endothelial cells, fluid shear stress causes the
rapid redistribution of vimentin IFs at sites distal from the
exposed surface (35). Overall, the results obtained to date dem-
onstrate that vimentin IFs are capable of transducing mechan-
ical signals initiated at the cell surface and can further transmit
these signals throughout the cytoplasm (36, 37).

Vimentin IFs and the Positioning of Organelles

In addition to modulating cell polarity, the vimentin IF cyto-
skeletal system also plays an important role in regulating the
distribution and organization of organelles within the cyto-
plasm. For example, mitochondrial motility, distribution, and
anchorage are modulated by interactions with vimentin IFs
(38). Evidence supporting this comes from studies of vimentin-
null fibroblasts in which mitochondrial motility is increased
when compared with wild-type cells. This increase in motility
reflects, at least in part, a role for vimentin IFs in anchoring and
positioning of mitochondria. This latter anchoring function is
mediated by vimentin’s amino-terminal domain because it has
been determined that residues 41–94, when expressed in
vimentin-null cells, strongly associate with mitochondria.
Vimentin IFs have also been shown to interact with the Golgi
complex through binding to the resident Golgi protein,
formiminotransferase cyclodeaminase (FTCD), suggesting that
they play a role in positioning the Golgi apparatus (39). Addi-
tionally, vimentin IFs form an intricate cage surrounding mela-
nosomes that can physically hinder melanosome transport in
melanophores (40) (Fig. 2). A vimentin IF cage is also assembled
during adipose conversion as vimentin IFs reorganize from an
extended network to form a complex cage tightly surrounding
lipid droplets (41). Moreover, vimentin IFs are known to accu-
mulate around the nucleus, and perturbations of vimentin IF
networks alter the position of the nucleus in both migrating
cells and astrocytes (42). These studies emphasize the impor-
tance of vimentin IFs in interacting with, stabilizing, and posi-
tioning organelles in the cytoplasm and indicate that they can
physically alter organelle transport and nuclear positioning (see
Fig. 4).

Vimentin IFs Regulate Cell Shape and Motility

Vimentin IFs form an intricate network of complex filamen-
tous structures that extend from the cell membrane to the
nucleus (Fig. 3). Studies have shown that these networks of
strategically placed vimentin IFs influence cell shape. In neu-
rons, the developmentally regulated replacement of vimentin

FIGURE 2. Vimentin IF function in anchoring organelles: melanosomes in Xenopus melanophores. Melanosome association with vimentin IFs is depicted
in a whole mount electron micrograph of a melanophore processed to remove microtubules and microfilaments while preserving the IF network. The box in
a is seen at higher magnification in b, and the box in b is enlarged in c. Scale bars: 2 �m (a); 1 �m (b and c). Taken from Ref. 40.
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IFs with Type IV IFs is directly correlated with alterations in cell
shape, specifically the outgrowth of neurites or axons (43, 44).
Similarly, when vimentin IF networks in fibroblasts are dis-
rupted by expression of a dominant negative mutant, or by
silencing with shRNA, the cells transition from a mesenchymal
to a rounded epithelial shape (45).

In moving fibroblasts, large numbers of vimentin IFs sur-
round the nucleus and extend into the trailing edge of the cell.
In contrast, the leading edge contains only vimentin particles in
the lamellipodium and short IFs within the lamellar region (22).
These regional differences in vimentin IF organization are
involved in regulating protrusive activity at the cell margin. For
example, serum starvation causes fibroblasts to cease move-
ment, and under these conditions, a well formed network of
long vimentin IFs extends to all parts of the cell periphery. The
addition of serum to starved cells results in the local breakdown
of the vimentin IF network and the appearance of short fila-
ments and particles in regions where lamellipodia form (22).
The signal transduction cascade linking the growth factors in
serum to the initiation of fibroblast motility involves transient
activation of Rac1 (46). When photoactivatable Rac1 is turned
on locally in serum-deprived cells, a wave of vimentin IF phos-
phorylation results. This is accompanied by the local conver-
sion of vimentin IFs into short filaments and particles in the
immediate region of the activated Rac1 and the subsequent
formation of lamellipodia (22). Furthermore, the local disas-
sembly of vimentin IF networks is sufficient to initiate the pro-
cess of membrane ruffling and lamellipodium formation. This
is based upon the finding that the microinjection of a mimetic
peptide, which disassembles vimentin IFs into ULFs, is suffi-
cient to locally induce vimentin IF disassembly and the initia-
tion of lamellipodia in serum-starved cells (22). Other studies
have shown that vimentin is essential for efficient wound heal-
ing both in cultured cells and in animal models (47– 49), and
vimentin-null mouse fibroblasts exhibit greatly reduced motil-
ity, chemotaxis, and the ability to organize collagen fibrils (50).
A recent study also provides evidence that vimentin IFs con-
tribute to the formation of the lobopodia that form when intra-
cellular pressure is elevated in cells migrating through complex
three-dimensional matrices. In this regard, vimentin IFs are

thought to provide linkages between the nucleus (via nesprin-3)
and cytoplasmic myosin, which has been postulated to provide
the force for moving the nucleus and generating the intracellu-
lar pressure (51). Thus vimentin IFs play important roles not
only in providing mechanical support, but also in regulating cell
motility.

Changes in Vimentin IF Network Composition and the
Epithelial-Mesenchymal Transition (EMT)

During embryonic development, the movement of epithelial
cells frequently involves a process known as the EMT. Interest-
ingly, the cytoskeletal hallmark of the EMT is the up-regulation
of vimentin expression, whereas keratin is down-regulated (52).
During this transition, the epithelial cells assume a typical mes-
enchymal or fibroblastic morphology and become motile (Fig.
4). This EMT program is recapitulated with respect to IF pro-
tein composition when cancerous cells become metastatic (53,
54), and importantly, it has been shown that vimentin expres-
sion is required for the invasive behavior of prostate and breast
cancer cells (55–57). Further evidence that vimentin IFs play a
key role in regulating mesenchymal cell shape and motility
comes from studies in which vimentin is experimentally reor-
ganized in human foreskin fibroblasts by expressing a dominant
negative mutant to disrupt vimentin IF assembly or by down-
regulation following silencing of vimentin expression with
shRNA. In both cases, the experimental manipulation causes
mesenchymal cells to adopt an epithelial shape (45). Con-
versely, the ectopic expression of vimentin in epithelial cells,
either by direct microinjection of vimentin protein or by
transfection with vimentin cDNA, induces a transition to a
mesenchymal shape (Fig. 3), and this is accompanied by the
loss of desmosomes and an increase in focal adhesion
dynamics and cell motility (45). With respect to metastasis,
vimentin IFs also play an important role in the elongation
and stabilization of invadopodia (37, 59). These structures
are membrane protrusions rich in matrix metalloproteinases
that degrade the basement membrane, enabling the migra-
tion of cancerous cells through the extracellular environ-
ment (59, 60).

FIGURE 3. The dramatic impact of vimentin IF assembly in epithelial cells: cell shape and the EMT. a– c, phase contrast image of a living MCF-7 epithelial
cell expressing only keratin IF before (a) and 5 h after (b) microinjection of bacterially expressed vimentin, at which time the cell was fixed and processed for
indirect immunofluorescence using anti-vimentin (c). The arrows represent a fiducial mark. Scale bars � 10 �m. Taken from Ref. 45.
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Mutations in Type III IF Genes and Human Disease

The physiological importance of IFs has been dramatically
highlighted by the discovery that large numbers of human dis-
eases are associated with mutations in IF genes (9, 61). Because
different types of IFs are expressed in a tissue-specific and
developmentally regulated fashion, defects can be restricted to
specific tissues and/or times during developmental progres-
sion. The expression of mutant IF genes in humans causes a
variety of diseases such as cataract formation for vimentin (59),
myopathies for desmin (60), and Alexander disease for GFAP
(62). In the case of Alexander disease, there are phenotypic
differences among individuals due to their genetic background.
This is supported by the finding that the same mutation,
R416W, can result in infantile (0 –2 years), juvenile, (2–12
years), or adult (�12 years) onset disease, each of which can also
be associated with differences in progression of the disease. The
pathogenesis of this disease involves the formation of non-IF-
containing structures called Rosenthal fibers, which sequester
chaperones and cause activation of stress kinases such as JNK
(63).

Soon after the first desmin mutations causing myopathies
were discovered in 1998 (64, 65), it became clear that a large
percentage of patients presenting with dilated cardiomyopathy
have mutations in the desmin gene (66). Typically, the hallmark
of “desminopathies” is the formation of massive desmin aggre-
gates within myofibers (for review, see Ref. 67). It should also be
noted that desmin aggregation is observed in desmin-related
myopathies that are not associated with mutations in desmin,
but rather with mutations in its chaperone, �B-crystallin (68).
The biochemical investigation of the first reported mutation,
which was missing seven amino acids (i.e. a heptad repeat) in
coil 1B, revealed that the mutant desmin would not form IFs
either after cDNA transfection into Type III-free cultured cells
or in vitro when the recombinant protein was tested for assem-
bly according to standard conditions (69). As more desmin
mutations were identified, 14 of them were systematically ana-
lyzed for their ability to form IFs (70). Most of these mutations
arrested formation at one of the intermediate stages in the IF

assembly process, e.g. the protein formed ULFs but did not lon-
gitudinally anneal; or subunits started to assemble longitudi-
nally but then would open up to form large sheets. Although
some mutants formed apparently normal desmin IF, closer
examination revealed that they incorporated more subunits per
cross-section than wild-type desmin (69). In addition, they
exhibited different mechanical properties as determined by sin-
gle filament manipulation with atomic force microscopy (71) or
by macro-rheology (72). The latter measurements involved
desmin variants with point mutations in the tail domain, and
they revealed that for some mutations, the filaments signifi-
cantly lost their ability to strain stiffen. These studies further
revealed that the tail domain is responsible for strain stiffening
because the tailless variant, although able to form apparently
normal filaments and filament networks, did not exhibit any
sign of strain stiffening in response to mechanical stress.

A number of human neurological diseases involve both Type
III and Type IV IF proteins, which in many cases form abnormal
aggregates of fully polymerized IF in nerve cell bodies and along
axons (64 –70). One example is the rare neurodegenerative dis-
ease, giant axonal neuropathy (GAN). GAN is an early onset
recessive disease caused by mutations in the GAN gene, which
encodes gigaxonin, an E3 ligase adaptor protein thought to tar-
get IF proteins for degradation via the ubiquitin-proteasome
pathway (4, 73). The disease is unusual among neurodegenera-
tive diseases in that IFs in non-neuronal tissues also form aggre-
gates, including vimentin IFs in patient fibroblasts.

In contrast to the human diseases, early studies of Type III IF
gene knock-out mice were somewhat misleading as they did not
cause embryonic or early postnatal lethality and they appeared
to develop and reproduce normally (74). However, over the
years since the vimentin knock-out mouse was introduced,
much more careful studies have revealed numerous abnormal-
ities and deficiencies. For example, in the cerebellum, Berg-
mann glia and Purkinje cells exhibit morphological defects,
whereas behavioral studies show motor coordination deficits in
the absence of vimentin (75). These mice also exhibit impaired
wound healing (47), defects in steroid production (76), and

FIGURE 4. A schematic showing selected roles of vimentin IFs. a, vimentin-null fibroblasts exhibit changes in cell shape relative to WT fibroblasts, and
organelle movements increase (arrows; also see Ref. 32). For example, mitochondria and membranous vesicles exhibit significantly increased cytoplasmic
movements when vimentin is absent in fibroblasts (32, 38). b, during the EMT transition, keratin is down-regulated, whereas vimentin is up-regulated. These
changes in IF expression patterns cause dramatic alterations in cell morphology and motility.

MINIREVIEW: Vimentin Intermediate Filament Networks

JULY 10, 2015 • VOLUME 290 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 17149



severe defects in diapedesis (77). Defects in the vascular endo-
thelium were also detected in vimentin-null mice with respect
to their ability to dilate mesenteric resistance arteries in
response to blood flow (78). Similarly, although desmin-null
mice are viable and muscle differentiation takes place, defects
have been reported in skeletal, cardiac, and smooth muscle tis-
sue (79, 80). For example, the desmin-null mouse model is defi-
cient in endurance exercise performance when compared with
wild-type mice as monitored by treadmill tests (81).

The Regulation of Vimentin and Desmin IF Assembly

The regulation of vimentin IF assembly, structure, and
function involves reversible post-translational modifications
(PTMs). Although there are a few examples of PTMs within the
highly �-helical central rod domain, the majority of these cova-
lent modifications reside in the non-�-helical head and tail
domains. Known PTMs include phosphorylation, glycosyla-
tion, ubiquitylation, sumoylation, acetylation, farnesylation,
transamidation, and ADP-ribosylation (82, 83). The most
extensively studied PTM is phosphorylation. During mitosis in
baby hamster kidney (BHK) cells, for example, there is a tran-
sient phosphorylation of vimentin accompanied by a dramatic
reorganization and change in the state of vimentin IF assembly
(84). Vimentin is hyper-phosphorylated at serine 55 by cdk1,
which drives disassembly into non-filamentous IF particles
likely to be ULFs, which are distributed into daughter cells for
subsequent dephosphorylation and reassembly into vimentin
IF networks (25, 27). Phosphorylation of this site within vimen-
tin’s head domain during mitosis is consistent with its known
importance in the assembly of IFs (26, 28, 85– 87). Additionally,
phosphorylation of vimentin at serine 71 by Rho kinase causes
the inhibition of IF formation in vitro (86). To achieve total
disassembly of the vimentin IF network during mitosis, another
IF protein, nestin, is also required (88).

Phosphorylation may also play a role in disassembling IF
polymers into smaller subunits that can be processed by the
ubiquitin-proteasome system. In fasting animals, for example,
increased muscle breakdown (atrophy) is a physiological
response to provide nutrients for survival. It has been shown
that an early event in this process is the phosphorylation of
three serines within the head domain of desmin. This phos-
phorylation results in the disassembly of desmin IFs, interac-
tion of the resulting subunits with the TRIM32 ubiquitin ligase,
and eventual degradation by the ubiquitin-proteasome system
(89). Once the muscle IF system is dismantled, then thin fila-
ments, Z-bands, and other components of the myofibril are
turned over to provide energy for the fasting animal.

Vimentin IFs Link the Cell Surface with the Nucleus

IFs are structural elements capable of connecting the exterior
of the cell with the interior of the nucleus. In mesenchymal
cells, vimentin IFs interact with the extracellular matrix via
integrins (90). The vimentin IF network spans the cytoplasm
and connects to the nucleus through interactions with the
linker of nucleoskeleton and cytoskeleton (LINC) complex.
This complex consists of nuclear membrane-associated SUN
domain proteins linked to the Type V IF proteins, the nuclear
lamins, and KASH domain proteins that connect to cytoskeletal

IFs through interactions with plectin and nesprin 3 (91, 92).
These connections, along with the global distribution of IFs,
make the system an ideal candidate for transmitting and regu-
lating information flow. It is known, for example, that different
inactive kinases can bind to vimentin and that when these
kinases are activated, they phosphorylate their respective IF
partner and then translocate to other regions of the cell (93).
Vimentin and various other IFs have been shown to interact
with the regulatory 14-3-3 proteins (94 –97). When vimentin is
phosphorylated in its head domain (amino acids 1–96), it binds
the 14-3-3 protein in a Raf-1�14-3-3 complex, causing the Raf-1
to be released, and subsequently decreases Raf-1 kinase activity
(94). There are many other effector proteins that are thought to
interact dynamically with vimentin IFs including adaptors,
receptors, kinases, and other effectors (58, 98, 99). Therefore it
is now obvious that vimentin IF networks play important roles
in signal transduction in mammalian cells.

A Look into the Future

In this brief review, we have attempted to provide an over-
view of the current status of IF research using vimentin and
desmin as examples. Despite a recent surge of interest in IFs,
they still remain the least studied and the least understood of all
of the cytoskeletal systems. The coordinated use of cell biolog-
ical, biochemical, biophysical, and computational techniques
will be required to gain insights into the precise structures and
functions of this large cytoskeletal protein family. These com-
bined approaches will lead to new insights into the specific roles
of IFs in a wide range of functions including their roles in medi-
ating cytoskeletal cross-talk. In support of the latter, IFs are
known to interact extensively with microtubules and their asso-
ciated motors, dynein and kinesin, as well as actin and myosin,
but little is known about the protein-protein interactions
involved. Also, given the number of IF subtypes, there are
undoubtedly a large number of IF-associated proteins; how-
ever, few such IF-associated proteins have been identified and
rigorously studied, perhaps with the exception of plectin. In
addition, there is a significant amount of information suggest-
ing roles for IFs in signal transduction, including their involve-
ment in mechano-signaling in cells. However, there is very little
information available reflecting on the specific roles of IFs in
these cellular processes. Finally, the scaffolding functions of
cytoplasmic IF networks need to be defined in the context of
their reported associations with many cellular structures,
including the nucleus, cell membranes, and organelles such as
mitochondria and lipid droplets.
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The microtubule (MT) cytoskeleton gives cells their shape,
organizes the cellular interior, and segregates chromosomes.
These functions rely on the precise arrangement of MTs, which
is achieved by the coordinated action of MT-associated proteins
(MAPs). We highlight the first and most important examples of
how different MAP activities are combined in vitro to create an
ensemble function that exceeds the simple addition of their
individual activities, and how the Xenopus laevis egg extract sys-
tem has been utilized as a powerful intermediate between cellu-
lar and purified systems to uncover the design principles of self-
organized MT networks in the cell.

The microtubule (MT)2 cytoskeleton forms the skeletal
framework that gives eukaryotic cells their shape and organizes
their cytoplasm by positioning organelles, providing tracks for
transport, and establishing cell polarity. In an interphase cell,
the MT cytoskeleton is also critical for cell motility and a key
constituent of cilia and flagella. During cell division, the MT
cytoskeleton gets remodeled into a spindle structure that seg-
regates chromosomes. Each of these functions relies on a spe-
cific MT architecture, which must be capable of rapid and pro-
longed change followed by an eventual resumption of a steady
state to respond to the cellular environment and morphology
changes during growth and differentiation.

MTs are made of �/�-tubulin heterodimers, which assemble
into a polar, cylindrical structure in the presence of GTP and
above the so-called critical concentration in vitro. MT growth
phases alternate with swift shrinkage phases (dynamic instabil-
ity), and their transitions are referred to as catastrophe (switch-
ing from growth to shrinkage) and rescue (switching from
shrinkage to growth) (1). In cells, a plethora of different MT-as-
sociated proteins (MAPs) regulate the MT-inherent abilities of
MT nucleation and dynamics (Fig. 1A) (2). In addition, MT
cross-linking proteins connect MTs into networks and molec-
ular motors use MTs as tracks for cargo transport or transport

MTs themselves (Fig. 1A). Altogether, different combinations
of these four basic groups of MAP activities drive the self-orga-
nization of the MT cytoskeleton into discrete three-dimen-
sional patterns (Fig. 1B) (3). Thus, they establish, maintain, and
disassemble functional MT structures that are observed on the
cellular level.

Traditionally, individual MAPs were identified by loss-of-
function experiments in cells followed by their detailed in vivo
and in vitro characterization. During the past decade, high-
throughput genomic and proteomic screens accelerated MAP
discovery by cataloging RNAi phenotypes and identifying novel
microtubule binders, resulting in comprehensive lists of candi-
dates involved in organizing the MT cytoskeleton in various cell
states (4 –7). Now, the challenge is to understand how these
MAPs work together to establish the physiological MT archi-
tecture of the cell. What specific MAP building blocks can gen-
erate the MT networks that shape a dendrite or a polarized
epithelial cell (Fig. 1B)? More generally, what are the basic prin-
ciples for constructing a functional MT structure?

A key step toward answering these questions is a detailed
understanding of the mechanism of individual motor and non-
motor MAPs, which has been emerging for many MAPs at the
biochemical and structural level (8 –11). Furthermore, pioneer-
ing in vitro reconstitution approaches demonstrated how indi-
vidual MAPs, when mixed with static or dynamic MTs, act at
the single MT level and contribute to simple microtubule pat-
terns (3). However, the next critical step is to not only under-
stand the mechanism of one MAP, but how combinations of
MAPs together with MTs create physiological cytoskeletal
structures in vitro. This will also address the more general ques-
tion of how biological molecules, which act in the Å scale and in
a transient fashion, generate self-organized assemblies in the
�m scale that enable cell function.

In this review, we discuss recent findings from in vitro recon-
stitutions of more than one type of MAP with MTs, which pro-
vide details on how complexity is formed in multicomponent
systems. A surprising outcome of this approach is that the com-
bination of two MAP activities is not necessarily additive, but
can be synergistic. We will focus on the three basic MAP activ-
ities of MT dynamics regulation, transport, and nucleation,
with the goal of linking these activities and explaining their
effects within the context of larger cytoskeletal structures. The
fourth MAP activity of MT cross-linking was recently reviewed
separately (11, 12). Last, we will highlight basic principles of MT
self-organization derived from studies in cell extract, which is a
powerful system that serves as an intermediate between cellular
and purified systems.

In Vitro Reconstitution of Microtubule Dynamics

Microtubule Polymerases and Depolymerases Regulate
Microtubule Dynamics

To organize MTs into functional networks, MAPs stimulate
or reduce MT dynamics by affecting MT growth, shrinkage,
and stabilization. MAPs achieve this by selectively binding to
�/�-tubulin dimers in defined conformations that will favor the
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process to be catalyzed (13). A central point of regulation is the
intrinsic curvature of the tubulin dimer, which it displays in
isolation and which can be exploited to reduce MT stability
(14). In contrast, straightening of the tubulin dimer seems to
occur only within the MT lattice and promotes MT growth
(15). Before describing some of the protein networks that affect
MT dynamics and that have been reconstituted in vitro, we
briefly introduce the individual molecular players.

MT depolymerases destabilize MTs by promoting catastro-
phe to regulate MT stability and length (8, 13). Although many
MT depolymerases exist in the cell, one of the best character-
ized ones in vitro is the kinesin-13 MCAK/XKCM1, which
increases catastrophe rates in cells and regulates the size of MT
structures (16, 17). During mitosis, it plays an important role for
chromosome segregation at kinetochores (18) and during ana-
phase (19). In vitro, MCAK reaches both MT ends via a lattice
diffusion process, where MCAK hydrolyzes ATP and distorts
MT filaments by stabilizing tubulin dimer curvature to pro-
mote subunit release (20 –23), facilitating MT disassembly and
eliminating its dependence on the age of the MT (Fig. 2A) (24).

MT polymerases oppose depolymerases and promote
growth or rescue depolymerizing MTs (8, 25). One of the best-
studied MT stabilizing agents in vitro is the MT polymerase
XMAP215/ch-TOG (26), which enhances MT growth rates up
to 10-fold. Individual molecules remain bound to growing plus-

ends during multiple rounds of tubulin dimer addition medi-
ated by several so-called TOG domains (26, 27). TOG domains
preferentially bind the curved conformation of tubulin dimers,
which straighten when incorporated into the MT lattice and
released by XMAP215 (Fig. 2B) (28).

In the cell, MT polymerases and depolymerases do not act
individually on MTs, but work in a coordinated fashion to con-
struct cell cycle-specific and local MT structures (29). This is
apparent by the high polymerization rates and catastrophe fre-
quencies of MTs in vivo (30 –32) that are not displayed in MT
dynamics from purified tubulin (33, 34) or with individual
MAPs (see above). The first in vitro reconstitutions with com-
binations of the major MT polymerase, XMAP215, and the
catastrophe factor, MCAK, approached physiological MT
dynamics as observed in Xenopus extracts and demonstrated
that a balance between an MT polymerase and an MT depoly-
merase is central to MT dynamics in cells (Fig. 2C) (35). How-
ever, MT dynamics and length distributions did not fully match
in vivo parameters, indicating involvement of other MAPs.

Adding Complexity via � TIPs

The next level of complexity for regulating MT dynamics is
added by special MT plus-end tracking proteins (�TIPs),
which additionally recruit MT polymerases and depolymer-
ases, as well as other MAPs (10, 36). The most central �TIPs,

FIGURE 1. Organization of the microtubule cytoskeleton by MAPs. A, representative classes of MAP activities are depicted schematically. B, different
combinations of MAPs drive the self-organization of MTs into functional networks, which determine the organization of the cell, differ between cell cycles
states, and change during cell differentiation.
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which recruit most other �TIPs to growing MT ends and are
critical regulators of MT dynamics, are end-binding (EB) pro-
teins (36 –38). The canonical �TIP end-binding protein 1
(EB1) itself acts as a maturation factor by transitioning GTP to
GDP-tubulin at the MT end in vitro (Fig. 2D) (39). �TIPs bind
via their SxIP motif containing the amino acid sequence
(S/T)X(I/L)P motif to EB homology (EBH) domains (40) or via
CAP-Gly domains that recognize a EEY/F-COO� motif at the
C terminus of EBs (10, 41). It has been demonstrated in vitro
that the �TIP proteins CLIP-170, MACF, STIM1, and CLASP2
are directly recruited by EB1 to MT plus-ends (40, 42– 45).

Interestingly, in cells, the MT depolymerase MCAK tracks
growing MT plus-ends, rather than shortening ones, which
relies on the interaction with EBs (21, 46). In vitro, plus-tip
tracking of MCAK could be reconstituted in the presence of the
EB family member EB3, which directly binds to MCAK via a
SKIP motif and counteracts MCAK by stabilizing the MT

growth phase (Fig. 2E) (47). EB3 increases the association rate
of MCAK with MTs, thereby targeting MCAK to growing MT
ends. This increases the catastrophe frequency and thus,
MCAK and EB3 together induce rapid switching between MT
growth and MCAK-induced depolymerization in vitro, provid-
ing an example of how EBs can regulate MT dynamics through
direct recruitment of a modulator of MT dynamics (47). This
plus-tip activity of MCAK is functionally important in mitosis,
where MCAK regulates the length of MTs to promote robust
attachments between spindle MTs and kinetochores (48) and at
centromeres, where depolymerization activity is controlled by
Aurora B and gets locally activated by the inner centromere
KinI stimulator (ICIS) (49, 50). In cells, the ICIS homologue
TIP150 was also shown to be an EB-dependent �TIP, which
further enhances MT plus-end localization of MCAK (51), indi-
cating yet another layer of MCAK targeting to the MT plus-end
via a �TIP that is itself also recruited by EBs. In an analogous

FIGURE 2. In vitro reconstitutions of microtubules and more than one MAP. A, C, E, and G depict in vitro reconstitutions with the MT depolymerase MCAK.
B, F, H, and J display in vitro studies with the MT polymerase XMAP215. D, E, F, H, I, and J show how EBs modulate MT dynamics by recruiting factors to the MT
plus-end. Each of the in vitro studies (A–J) are discussed in the main text.
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manner, MCAK interacts with the EB1-dependent plus-tip
tracking kinesin 8 Kif18b, and this interaction is required for
robust MT depolymerization in cells (52, 53). The specificity of
MCAK as a plus-end depolymerase could be further regulated
by the minus-end-binding proteins patronin/CAMSAP (54 –
56) and MCRS1 (57), which block MCAK activity at the MT
minus-end to enhance MT stability (Fig. 2G). However, the
mechanism(s) of how EB1, EB3, TIP150, Kif18b, patronin, and
MCRS1 work in concert to affect the depolymerase activity
of MCAK, and how this influences the interplay with XMAP215,
remains to be determined.

Not surprisingly, the MT polymerase XMAP215 also does
not act autonomously on MT plus-ends. In Xenopus egg
extracts, an interaction between EB1 and XMAP215 is impor-
tant for physiological MT growth rates between 10 and 20
�m/min, proper spindle assembly, and chromosome segrega-
tion (58). This effect was investigated in vitro, where EB1 and
XMAP215 combined had a much larger effect on MT growth
rates than XMAP215 (10-fold increase) or EB1 (1.5-fold
increase) alone with rates up to 20 �m/min, the highest rates
ever observed outside cells (Fig. 2F) (59). This must be close to
the maximum possible polymerization rate because the associ-
ation rate constant for tubulin addition approached the maxi-
mum diffusion limited rate with up to 7.6 �M�1 s�1 per proto-
filament (59). The two proteins do not interact before binding
to the MT end nor through canonical EB1 protein interactions,
and they do not affect each other’s localization, suggesting that
the synergistic effect is allosteric. EB1 could be substituted by
the lattice-straightening drug taxol without lowering the syner-
gistic growth rates with XMAP215, providing further evidence
that EB1 may affect the structure of the MT lattice (59). Besides
direct recruitment via EBs and via �TIPs that also bind to EBs,
allosteric interactions through the MT lattice are yet another
mode of how MAPs can affect each other’s activity.

If EB1 and XMAP215 do not interact on an MT in vitro, how
then can the interaction of EB1 and XMAP215, revealed by
pulldown experiments from extracts (58), be explained? In Dro-
sophila S2 cells, the XMAP215 homologue Minispindles
(Msps) requires EB1 to track MT plus-ends in mitosis and
interphase. Curiously, Msps also requires an interaction with
the �TIP Sentin to track plus-ends (60). Sentin is the dominant
cargo for EB1 in S2 cells, and its depletion led to shorter spin-
dles and less dynamic MTs, as did the EB1 and XMAP215 co-
depletion. However, EB1-recruited Sentin displayed growth
acceleration and catastrophe-promoting activity independent
of XMAP215 in addition to recruiting this MAP to plus-ends. In
vitro reconstitution with these three factors generated the most
dynamic MTs, displaying a synergistic increase in growth rate
and number of rescue events (Fig. 2H) (60). Similarly, the
human EB1-binding protein SLAIN2 contributes to the local-
ization of the human XMAP215 homologue ch-TOG to grow-
ing MT plus-ends in interphase and strongly stimulated
processive MT polymerization (Fig. 2J) (61). Depletion or dis-
ruption of the SLAIN2-ch-TOG complex led to disorganization
of MT arrays. Thus, XMAP215/ch-TOG and EB1 together
modulate MT dynamics via allosteric interactions and via the
�TIP SLAIN2. This in vitro reconstitution of three MAPs and
dynamic MTs provides a valuable basis for future investigations

of �TIP networks because SLAIN2 further binds to EB1,
CLIPs, and CLIP-associated proteins.

Dynamic Competition at Crowded Microtubule Ends

The studies on Sentin and SLAIN2 exemplify how complex
�TIP networks regulate dynamics at growing MT plus-ends.
However, the variety and number of �TIPs exceed the number
of binding sites at the growing MT plus-end, raising the ques-
tion how a particular �TIP ensemble is assembled and regu-
lated in the cell. A recent in vitro study addressed for the first
time how a cargo complex is targeted to MT plus-ends under
competitive conditions, in this case the minus-end-directed
motor protein dynein (62). Dynein’s adapter complex dynactin
contains a p150Glued subunit, which contains a CAP-Gly
domain and is targeted via EB1 to MT plus-ends. However, if a
more competitive binder occupies this binding site, p150Glued

can use the EB homology domain of CLIP-170 for its plus-end
localization instead (Fig. 2I). This finding explains why both
EB1 and CLIP-170 are necessary in vivo for this localization
pathway. Besides this dynactin-dependent pathway, alternative
pathways exist to enrich dynein at the MT plus-end, which does
not depend on dynactin but the dynein regulator LIS1 (63– 65).
By reconstituting such an alterative pathway from yeast in vitro,
Roberts et al. (66) revealed that the yeast LIS1 and a CLIP-170
homologue are sufficient to couple dynein to Kip2, a plus-end-
directed kinesin (Fig. 2I). Dynein resists its plus-end-directed
transport by Kip2, but this is overcome by both CLIP-170 and
EB1, which strengthen the interaction between Kip2 and MTs.
These alternative pathways may not be mutually exclusive,
depending on cell type, in particular because transporting
dynein to the MT plus-end is a critical first step to allow for
essential dynein transport events toward the minus-end (65).
These pioneering in vitro studies of more than three MAP types
with MTs demonstrate that there is a binding hierarchy for
limited and alternative binding sites, which guide dynamic
assembly of �TIP ensembles. The in vitro reconstitutions fur-
ther show that different MAP combinations regulate individual
MT dynamics and thereby establish MT network architecture
and function.

Coordinated Transport by Molecular Motors in Vitro

Besides regulating the intrinsic dynamics of MTs, the precise
arrangement of MTs must be controlled to build the MT cyto-
skeleton of the cell. This construction role is carried out by
molecular motors and MT-bundling proteins. Molecular
motors are best known for transporting various forms of cargo
along MTs throughout the cell. The mechanism of individual
motor types has been well studied, in particular the plus-end-
directed kinesin motor family (9). Although many functionally
distinct kinesin motor proteins in the kinesin superfamily exist
in a cell and provide a diversity of cargo binding domains (67),
there is only one cytoplasmic dynein 1 that acts as the major
processive minus-end-directed motor in most eukaryotic cells
(68). Instead, multiple adapter proteins recruit the soluble pool
of cytoplasmic dynein to specifically transport a variety of car-
goes, such as organelles, viruses, and mRNAs.

Recently, two in vitro reconstitution studies with motor pro-
teins and multiple components provided novel insight into how

MINIREVIEW: Building the Microtubule Cytoskeleton

JULY 10, 2015 • VOLUME 290 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 17157



their transport is coordinated. In contrast to yeast dynein (69),
purified mammalian dynein is not processive (70), although
cytoplasmic dynein transports its cargoes over long intracellu-
lar distances. This mystery could be resolved by the addition of
the accessory dynactin complex and the dynein binding region
of the cargo adapter BICD2, or other cargo-specific adapter
proteins, to purified dynein, which surprisingly stimulated the
processivity of human dynein in vitro (71, 72). Thus, dynein
becomes specifically activated for long intracellular transport
only when the motor is bound to its cargo.

The sorting of cargoes in the cell is regulated, yet cargoes in a
cell exhibit bidirectional movement because multiple copies of
dynein and kinesin simultaneously bind to them (73). How
directed transport can be achieved by a mixed motor ensemble
was unclear. Derr et al. (74) developed a unique in vitro tool in
the form of a programmable, synthesized cargo using three-
dimensional DNA origami to study this question; specifically,
how do motor type, number, spacing, and orientation affect
cargo transport? In ensembles of one to seven identical-polarity
motors, motor number had a minimal affect on directional
velocity, whereas ensembles of opposite-polarity motors
engaged in a tug-of-war resolvable by disengaging one motor
species. Although this pioneering study provided new insight
into how molecular motors coordinate intracellular transport,
more research will be required to understand how motor
ensembles move cargo. MTs themselves can also be cargoes,
and many MAPs transport, slide, or push MTs to arrange them
into functional cytoskeletal structures, which has recently been
reviewed (11, 12).

Microtubule Nucleation

Another key step in generating a specific MT architecture is
to regulate when, where, and how MTs are made. In a cell, MTs
are mostly observed to originate from MT organizing centers
(MTOCs). Although MTOCs were originally synonymous with
centrosomes, many other MTOCs have been identified in the
meantime, such as chromosomes, the nuclear envelope, the
Golgi apparatus, the plasma membrane, and MTs themselves
(75). MT nucleation from MTOCs depends on the nucleation
factor �-tubulin (�-TB), which associates with additional �-TB
complex (GCP) proteins. In higher eukaryotes, �-TB and GCPs
2– 6 form a distinctive ring-shaped structure, hence its name
�-TB ring complex (�-TuRC, Fig. 1A). Although in vitro poly-
merized MTs contain variable protofilament numbers (76), it
contains predominantly 13 in vivo. This defined number is tem-
plated by a ring of 13 �-TB molecules in �-TuRC that then
binds tubulin dimers via the � subunit interface (77).

The nucleation activity of purified �-TB complexes is sur-
prisingly low and led to the suggestion that �-TB complexes
must be activated besides being localized to their respective
MTOC. Genetic screens in Saccharomyces cerevisiae, in which
GCPs 4 – 6 are absent and two �-TB molecules form a tetra-
meric �-TB small complex (�-TuSC) with GCPs 2 and 3, and
Schizosaccharomyces pombe, in which GCPs 4 – 6 are not essen-
tial, identified many �-TuSC-interacting proteins. Similarly, in
higher eukaryotes, �-TuRC-interacting proteins were recently
uncovered by immunoprecipitations and co-purifications (78,
79). In parallel, cell-free Xenopus laevis egg extract has been a

powerful system to identify new MTOCs and MT nucleation
effectors, such as centrosomes, chromatin beads (80), RCC1
(Ran guanine nucleotide exchange factor) beads (81), Aurora A
beads (82), and MTs themselves during branching MT nucle-
ation (83). However, only a few of the binding partners and
effectors were tested for direct and individual effect in a purified
in vitro experiment. Specifically, the kinase NME7 and the cen-
trosomal protein CDK5RAP2 enhanced �-TuRC MT nucle-
ation activity by 2.5- and 7-fold, respectively, in vitro (78, 84).
Thus, evidence in yeast and higher eukaryotic cells suggests
that an assembly of proteins is required to recruit, transport,
and tether �-TB complexes to MTOCs, where they are specif-
ically activated, but how they achieve this remains to be
determined.

Assembly and Scaling of Self-organized Microtubule
Structures

The ultimate challenge is to synthesize a model of how indi-
vidual MAP activities, which regulate MT dynamics, transport,
nucleation, and cross-linking, establish cellular MT structures.
Because mitotic and meiotic spindles are easily built and altered
in Xenopus egg extract and we known many of the biochemical
parameters of spindle MAPs, they have been favored structures
for both theoretical and experimental examination of the prin-
ciples of self-organization and scaling. Theoretical modeling
has been instrumental for our understanding of how larger
scale structures such as the spindle form (85, 86). Recently, it
was discovered that bipolar structures with antiparallel fluxing
MTs as in a spindle could be formed in silico with dynamic
MTs, an MT cross-linking force, and antiparallel sliding activ-
ity, and pole formation was achieved by the addition of a
NuMA-like minus-end cross-linker and directed transport of
MT depolymerization activity toward minus-ends (87). Realis-
tic MT lifetimes and MT length distributions required dynamic
instability and minus-end depolymerization activities, yet mei-
otic spindle assembly could only be modeled by simulating MT
nucleation specifically throughout the spindle and not only
from the chromatin zone. The hypothesis that MT nucleation
and transport drive spindle assembly, whereas MT dynamics
are constant throughout the cytoplasm, has since been experi-
mentally confirmed by novel measurements of spindle dynam-
ics (88) and direct observations of �-TuRC within the mitotic
spindle (89).

One of the major structural parameters of the spindle that
experimentalists have tried to tackle in vitro is size scaling.
Xenopus tropicalis extract spindles are smaller than their X. lae-
vis counterparts and serve as an optimal system to identify the
molecular basis of spindle size difference (90). Surprisingly, MT
depolymerization activity via the MT-severing enzyme katanin
was much higher in X. tropicalis egg cytoplasm than in X. laevis
and was more concentrated at X. tropicalis spindle poles (91).
Katanin inhibition increased spindle length to a greater degree
in X. tropicalis than X. laevis, suggesting that it acts as a scaling
factor. Although the concentration of katanin was similar in
both egg extracts, the catalytic p60 subunit of X. tropicalis kata-
nin lacks an inhibitory Aurora B kinase phosphorylation site,
which could explain its higher activity and implied that it is
differentially regulated (Fig. 3, A and B).
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The differences between X. laevis and X. tropicalis extract
spindles were further dissected based on evidence that X. tropi-
calis spindles resist inhibition of two factors essential for
assembly of the larger X. laevis spindles: RanGTP and Eg5 (92).
The factor that is regulated by RanGTP and binds to Eg5 is
TPX2, which is 3-fold more abundant in X. tropicalis extracts.
Increased TPX2 level in X. laevis reduced spindle length and
sensitivity to Ran and Eg5 inhibition. Curiously, the increased
TPX2 led to heightened recruitment of Eg5 at the spindle poles,
which consequently increased local MT density, suggesting
that the balance of TPX2 and Eg5 modulates spindle architec-
ture (Fig. 3, A and B).

In parallel, further progress has been made in understand-
ing how spindle geometry is controlled within one organism,
and systematic, genome-wide screens for mitotic proteins in

Caenorhabditis elegans, Drosophila S2 cells, and vertebrate
cultured cells identified proteins that influence spindle
length (93). Within X. laevis egg extract spindles, MT poly-
merization is important for regulating spindle length. By
engineering versions of XMAP215 with gradually increasing
enzymatic activity, spindle length can be increased linearly
with MT growth velocity, and thus XMAP215 controls the
total mass of spindle MTs (Fig. 3, B and C). This occurs
without changing MT density, lifetime, and spindle shape,
suggesting that spindle size is determined separately and by
mass balance (94). Similarly, the factors that determine spin-
dle shape are not well established, and recent studies in
human cells and C. elegans have shown that spindle shape
scales anisotropically with spindle length and chromosome
number (95, 96).

FIGURE 3. Spindle scaling. A and B, different regulation of katanin activity has been traced to make X. tropicalis spindles smaller than X. laevis spindles. TPX2
concentrations modulate the spindle architecture and lead to a concentration of MTs the poles of the X. tropicalis spindle. B and C, spindle length of the X. laevis
spindle is determined by MT growth velocity, which can be modulated via XMAP215 activity. X. laevis spindles become smaller throughout development and
between stage 3 and stage 8; the observed size difference can be contributed to differential regulation of kif2a.
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If one considers the reduction in cell volume from a fertilized
egg to a 1000-cell embryo, it is obvious why spindle size needs to
be scaled (97). The kinesin 13 kif2a was identified as a driver of
this developmental spindle scaling. The MT-destabilizing
activity of Kif2a is inhibited in stage 3 spindles by the transport
receptor importin � and activated in stage 8 when importin �
partitions to a membrane pool (Fig. 3, B and C) (98). Changing
spindle size in developing embryos had no effect on chromo-
some segregation, but interfered with spindle orientation, sug-
gesting that it is coupled to cell size through a ratiometric
mechanism controlling microtubule destabilization. This idea
was further explored via an innovative system, in which Xeno-
pus egg extracts were encapsulated using microfluidic technol-
ogy (99, 100). Both studies beautifully demonstrated that reduc-
tions in cytoplasmic volume, rather than developmental cues or
changes in cell shape, were sufficient to recapitulate spindle
scaling observed in Xenopus embryos. Thus, the amount of
cytoplasmic material provides a mechanism for regulating the
size of intracellular structures.

Concluding Remarks

With a near complete list of MAPs that build the MT cyto-
skeleton, a rich resource has been made available to now deter-
mine how MAP activities are coordinated in time and space to
establish functional MT structures. Biochemical and structural
studies of individual MAPs and their characterization at a
mechanistic level will remain essentials that will benefit from
recent advances in cryo-electron microscopy to achieve near
atomic resolution of macromolecular assemblies. In vitro
reconstitutions of combinations of MAPs will help explain how
to build complexity, aided by innovations to precisely position
individual molecules, to control the geometry of the sample
chamber, and to routinely observe assemblies at the single mol-
ecule level and in a parallel manner using microfluidics. Ulti-
mately, this will help uncover how MAPs can create macro-
scopic structures that form the MT cytoskeleton and narrow
the gap that currently exists between purified in vitro systems
and extract systems as well as in silico systems. This will simul-
taneously address an important, general question that the bio-
chemistry of this century is facing: After having learned how
individual proteins and protein complexes work, how do
numerous factors and protein complexes act in concert to gen-
erate self-organized assemblies that enable cell function?
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Microtubules give rise to intracellular structures with diverse
morphologies and dynamics that are crucial for cell division,
motility, and differentiation. They are decorated with abundant
and chemically diverse posttranslational modifications that
modulate their stability and interactions with cellular regula-
tors. These modifications are important for the biogenesis and
maintenance of complex microtubule arrays such as those found
in spindles, cilia, neuronal processes, and platelets. Here we dis-
cuss the nature and subcellular distribution of these posttrans-
lational marks whose patterns have been proposed to constitute
a tubulin code that is interpreted by cellular effectors. We
review the enzymes responsible for writing the tubulin code,
explore their functional consequences, and identify outstanding
challenges in deciphering the tubulin code.

Microtubules are non-covalent cylindrical polymers formed
by ��-tubulin heterodimer building blocks. They possess two
seemingly contradictory properties; they are highly dynamic,
exhibiting rapid growth and shrinkage of their ends (1), but are
also very rigid, with persistence lengths on the order of cellular
dimensions (2). This duality is thought to underlie the versatile
architectures of microtubule networks in cells (Fig. 1) and is
tuned by a myriad of cellular effectors. These fall into two cat-
egories: effectors that bind to the microtubule and alter its
properties non-covalently (motors and microtubule-associated
proteins (MAPs))2 and effectors that chemically modify the
tubulin subunits (tubulin posttranslational modification
enzymes). Although the field has made tremendous progress in
recent decades identifying a compendium of microtubule-in-
teracting proteins and understanding their interplay and regu-
lation in the cell, we are just now starting to unravel the basic
mechanisms used by cells to chemically modify microtubules,
despite the fact that tubulin posttranslational modifications
have been known for over 40 years. A renaissance of interest
into the roles of tubulin posttranslational modifications has

been precipitated by the discovery in the last few years of the
enzymes responsible for these modifications (3– 8), methods
for producing unmodified (9, 10), engineered, (11, 12) as well as
chemically defined modified tubulin (13), and developments
and refinements of in vitro microtubule-based assays using
high-resolution microscopy and microfabricated substrates
(14 –16).

Tubulin posttranslational modifications are chemically di-
verse, ranging from phosphorylation (17), acetylation (18, 19),
palmitoylation (20), sumoylation (21), polyamination (22), and
S-nitrosylation (23) to tyrosination (24), glutamylation (25, 26),
and glycylation (27). Most of these modifications are reversible.
Tubulin posttranslational modifications are evolutionarily con-
served and abundantly represented in cellular microtubules.
Most importantly, their distribution is stereotyped in cells. For
example, interphase microtubules are enriched in tyrosination
(28), whereas kinetochore fibers and midbody microtubules are
enriched in detyrosination and glutamylation (Fig. 1, A–C) (29,
30). Axonal microtubules are enriched in detyrosination, acety-
lation, and glutamylation, whereas the dynamic growth cone
microtubules are enriched in tyrosination (Fig. 1D) (31, 32).
Microtubules in centrioles, cilia, and flagella are especially
heavily glutamylated (Fig. 1, E, G, and H) (29, 33, 34). Glycylated
microtubules are found predominantly in the axonemes of cilia
and flagella (Fig. 1, A, G, and H) (35, 36); however, some cyto-
plasmic microtubules in paramecia are also glycylated (36). The
more morphologically complex microtubule arrays exhibit the
largest diversity and abundance of tubulin posttranslational
modifications like the microtubule arrays found in neurons,
cilia, or flagella or the highly specialized arrays found in some
parasites such as toxoplasma and trypanosomes (Fig. 1F) (37).
In some cases, even adjacent microtubules have completely dif-
ferent posttranslational modification signatures. This is beau-
tifully illustrated in axonemes where the B tubule is highly glu-
tamylated (38, 39), whereas the adjoining A tubule is not, but is
enriched in tyrosination (Fig. 1G). Tubulin posttranslational
modifications are also developmentally regulated. One striking
example is during neuronal development that is accompanied
by increases in glutamylation levels of both �-tubulin and �-tu-
bulin, with �-tubulin glutamylation increasing mostly during
the later stages of neuronal differentiation (40).

The enzymes that introduce these conserved modifications
are essential to normal development (5, 41, 42). Underscoring
their importance for normal cell physiology, increased levels of
tubulin modifications are a hallmark of cancers and neurode-
generative disorders (reviewed in Ref. 43), and several neurode-
velopmental disorders are linked to mutations in tubulin genes
at sites that could interfere with modification enzyme function
(reviewed in Ref. 44).

This microtubule chemical diversity was proposed to form
the basis of a “tubulin code” that is read by cellular effectors
(45). Despite the widespread appreciation for the ubiquity and
functional importance of these modifications and their stereo-
typed distribution in organisms and cells, we do not currently
understand how complex microtubule modification patterns
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are generated and what their functional consequences on cel-
lular effectors are, i.e. we do not understand how the tubulin
code is written and interpreted by cells.

Tubulin Posttranslational Modifications: Variations upon
a Dimer

The tubulin ��-heterodimer is composed of a compact glob-
ular body and unstructured, negatively charged tubulin C-ter-
minal tails (Fig. 2A). Although the tubulin body is highly
conserved from Saccharomyces cerevisiae to humans, the C-
terminal tails are the sites of largest sequence variation between
organisms as well as among tubulin isoforms from the same
organism. Despite their sequence variability, all tubulin tails are
highly negatively charged, with glutamate residues being over-

represented (reviewed in Ref. 46). The overwhelming majority
of tubulin posttranslational modifications concentrate on the
C-terminal tails that serve as interaction sites for molecular
motors and MAPs and thus can tune the activity of these effec-
tors (reviewed in Refs. 43, 45, and 46).

Modifications on the C-terminal tails include detyrosina-
tion/tyrosination of �-tubulin (24), the removal of the penulti-
mate glutamate of �-tubulin (forming �2-tubulin) (47), and
glutamylation (25, 26) and glycylation (27) of �- and �-tubulin
tails. The tubulin body is also subject to varied posttranslational
modifications, such as palmitoylation (48), phosphorylation
(17), S-nitrosylation (23), and polyamination (22). Acetylation
of �-tubulin Lys-40 is the only modification known to occur
within the microtubule lumen (49 –51). With the exception of

FIGURE 1. Microtubules form complex arrays of spatio-temporally regulated supra-structures. A, radial interphase array. B, mitotic spindle array. C,
midbody array. D, neuron with complex, parallel, and tiled array in the axon and mixed polarity array in dendrites. E, photoreceptor cells with a connecting
cilium between their inner and outer segments. Individual microtubules extend to varying depths of the outer segment. F, protozoans contain a unique
membrane-embedded array of subpellicular microtubules and an additional apical cylindrical structure termed the conoid that consists of unique comma-
shaped open polymers formed from nine laterally associated tubulin protofilaments. G, cross-sectional view of the nine-fold symmetric axonemal array. Light
gray, nexin linkers; dark gray, radial spokes; dark blue, inner arm dyneins; purple, outer arm dyneins. H, cell with multiple motile cilia. I, marginal microtubule
band in platelets; stable microtubules are coiled in the peripheral edges, whereas dynamic, tyrosinated microtubules actively polymerize/depolymerize.
Microtubules are shown in green; microtubule plus-ends are in light green, and nuclei are in blue. The distribution of tubulin posttranslational modifications in
the various microtubule arrays is indicated by a magnifying glass (pink, acetylation; red, glutamylation; cyan, glycylation; orange, tyrosination).
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�-tubulin Lys-40 acetylation, posttranslational modifications
on the tubulin body have not been intensively studied.

Detyrosination/Tyrosination

Most mammalian �-tubulin isoforms are synthesized with a
genomically encoded C-terminal tyrosine that can then
undergo enzymatic removal and re-addition as part of a dety-
rosination/tyrosination cycle (Fig. 2A). Tubulin tyrosination

has long been used as a marker of microtubule stability in cells;
tyrosinated microtubules persist 3–5 min, whereas long-lived
microtubules are detyrosinated (lifetimes of 2–16 h) and resis-
tant to cold- or nocodazole-induced depolymerization (28). For
example, stable axonal microtubules are predominantly dety-
rosinated, whereas highly dynamic growth cone and dendritic
microtubules are tyrosinated (52, 53). The modification per se
does not seem to alter microtubule stability (54) but rather
functions as a signal for the recruitment of cellular effectors to
the microtubule (55) (reviewed in Ref. 43).

�2-Tubulin

Following detyrosination, the penultimate glutamate residue
of the �-tubulin C-terminal tail can be further removed, pro-
ducing �2-tubulin. This irreversible modification prevents the
re-addition of the C-terminal tyrosine, thus removing this
tubulin species from the tyrosination cycle (47). This modifica-
tion also serves as a marker for stable microtubules in cells and
is especially enriched on axonal microtubules (47).

Glutamylation

Microtubule glutamylation is the posttranslational addition
of glutamate residues to the C-terminal tails of both �-tubulin
and �-tubulin, targeting multiple internal sites in the gluta-
mate-rich tails (56). The first glutamate is added through an
isopeptide bond between the �-carboxyl group of tubulin’s
encoded glutamate residue and the amino group of the incom-
ing glutamate. The glutamates added beyond the initial
branching point are linked through peptide bonds on �-car-
boxyl groups (57). Glutamylation is widely conserved across
unicellular flagellates and multicellular organisms with the
exception of higher-order plants (3). Glutamylation is enriched
on neuronal microtubules, and also microtubules of the mitotic
spindle (29), basal bodies, and axonemes of cilia and flagella (29)
(Fig. 1). Glutamylation levels in cells are regulated through the
opposing actions of both glutamylating and deglutamylating
enzymes (5, 40, 58).

Glycylation

Microtubule glycylation is the addition of glycine residues to
the side chains of glutamates on �- and �-tubulin C-terminal
tails. Multiple glutamate residues in a tubulin tail can be gly-
cylated, and subsequent additions of glycine extend this modifi-
cation to form glycine chains (59). Glycylation is conserved
among unicellular flagellates and multicellular organisms with
ciliated tissues (60). Monoglycylation is ubiquitous in ciliated
tissues, whereas only a subset contains polyglycylated microtu-
bules (61). Glycylation is important for the stability, length, and
function of motile cilia (7, 62, 63), the formation and mainte-
nance of primary cilia, and control of cell proliferation (64).

Acetylation

�-Tubulin is acetylated on Lys-40 (65), a residue located
within a short highly flexible loop projecting into the microtu-
bule lumen (49, 51). Acetylation is enriched on microtubules in
cilia and basal bodies as well as on a subset of stable, long-lived
microtubules in the cytoplasm (lifetimes �2–16 h (66)). The
direct effects of acetylation on microtubule dynamics and

FIGURE 2. Posttranslational modifications map to both the body and the
tails of the ��-tubulin heterodimer. A, ribbon representation of the tubulin
heterodimer (green, �-tubulin; blue, �-tubulin) with the disordered tubulin
tails shown schematically using sequences for the �1A and �IVb tubulin iso-
forms. Sites of acetylation and polyamination are shown in stick representa-
tion (magenta and dark blue, respectively). The �-tubulin C-terminal tyrosine
(orange) is subject to enzymatic removal/ligation (detyrosination/tyrosina-
tion cycle). Tail glutamates are subject to monoglutamylation and polyglu-
tamylation (n denotes the number of glutamates in the elongated chain). Tail
glutamates are also subject to monoglycylation and polyglycylation (m
denotes the number of glycines in the elongated chain). B, zoomed-in view
showing the acetylated �-tubulin Lys-252. C and D, view of the �-tubulin (C)
and �-tubulin (D) longitudinal interfaces showing the position of mapped
polyamination sites as dark blue sticks. �-Tubulin Lys-40 is shown in stick rep-
resentation (magenta). Am, amination. Ac, acetylation.
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mechanical stability are not clear. Early studies showed no
effects on brain tubulin polymerization (67); however, this
tubulin contains a combination of other posttranslational mod-
ifications that could have masked the effects of acetylation. The
answer to the question of stability will have to await in vitro
microtubule dynamics as well as persistence length measure-
ments with homogenous unmodified and acetylated tubulin.
Interestingly, studies in Caenorhabditis elegans have revealed
that Lys-40 acetylation is important for the formation and
integrity of specialized 15-protofilament microtubules that are
found in touch receptor neurons. In the absence of tubulin
acetyltransferase (TAT), these microtubules appear radially
compressed, and many are splayed open (68, 69).

In addition to acetylation on Lys-40, a second acetylation site
has been reported more recently on �-tubulin Lys-252 in free
heterodimers. This modification inhibits the incorporation of
tubulin into microtubules (19), most likely due to its proximity
to the nucleotide-binding site on �-tubulin at the interface
between the �- and �-tubulin protomers (Fig. 2B). It has been
proposed that acetylation at this site interferes with a confor-
mational switch in the tubulin heterodimer needed for robust
microtubule incorporation (19).

Polyamination

Polyamination has recently been discovered as an irreversi-
ble modification of tubulin that results in the covalent addition
of polyamines, including putrescine, spermine, and spermidine,
to various glutamines on �- and �-tubulin (22) (Fig. 2, A, C, and
D). Polyamines are highly abundant in brain tissue. Polyamina-
tion sites map close to polymerization interfaces where they can
impact tubulin polymerization and microtubule stability (Fig. 2,
C and D), possibly helping to maintain cytoskeleton organiza-
tion during neuronal development (22). Indeed, tubulin poly-
amination confers stability to microtubules, preventing cold-
and Ca2�-mediated depolymerization (22). This might explain
the persistence of a small fraction of microtubules that are
resistant to cold- or Ca2�-induced depolymerization encoun-
tered during brain tubulin cycling and that consist of more pos-
itively charged tubulin isotypes (22, 70).

Palmitoylation

Palmitoylation, the modification of cysteine residues with a
fatty acid group, is found on membrane-associated proteins,
providing a posttranslational means of embedment. In mam-
mals, tubulin palmitoylation was initially characterized in
platelet microtubules. However, the significance of this modi-
fication remains unclear outside of S. cerevisiae where palmi-
toylation of �-tubulin Cys-377 affects nuclear positioning in
anaphase (48).

S-Nitrosylation

S-Nitrosylation involves the addition of nitric oxide to vari-
ous cysteine residues of both �-tubulin and �-tubulin. First
observed in rat brain lysates (23), the in vivo function of this
tubulin modification is unknown.

Phosphorylation

�-Tubulin phosphorylation was originally documented in rat
brain tubulin (17). Tubulin phosphorylation is a poorly charac-

terized modification whose functional significance is unclear.
�-Tubulin is phosphorylated on an unidentified tyrosine resi-
due near its C terminus by the kinase Syk (71), whereas �-tu-
bulin is phosphorylated on Ser-172 (72). Ser-172 phosphoryla-
tion inhibits polymerization, likely a consequence of decreased
nucleotide binding due to this residue’s proximity to the
exchangeable nucleotide-binding site on �-tubulin.

Writers of the Tubulin Code: Who Are They?

The staggering chemical complexity of tubulin is produced
by diverse protein families ranging from kinases and acetyl-
transferases to ATP-dependent ligases and carboxypeptidases.
Many of these enzymes were not identified until the last decade.
The first tubulin modification enzyme isolated and cloned was
tubulin tyrosine ligase (TTL), the enzyme responsible for the
ATP-dependent re-addition of the genomically encoded tyro-
sine residue to the C terminus of �-tubulin (73). TTL loss has
drastic effects for the viability of the organism as TTL knock-
out mice die shortly after birth due to disorganized neuronal
arrays (41). TTL suppression is also strongly linked to tumori-
genesis as well as tumor aggressiveness (74).

The most abundant and variable components of the tubulin
code, glutamylation and glycylation, are products of enzymes
that belong to the tubulin tyrosine ligase-like (TTLL) family.
Enzymes of this family share a core domain structurally homo-
logous to TTL and an ATP-dependent amino acid ligation
mechanism, which is also shared with more distantly related
amino acid ligases such as glutathione S-transferase or D-Ala:D-
Ala ligase (3, 6, 75). All TTLLs preferentially modify microtu-
bules (6, 76), unlike TTL, which modifies soluble tubulin (75).

Mammals encode 13 TTLLs (Table 1). TTLL1, -4, -5, -6, -7,
-9, -11, and -13 are glutamylases (3, 6, 39, 77, 78), whereas
TTLL3, -8, and -10 are glycylases ((4, 7, 79); reviewed in Ref. 43).
TTLL2 appears to be a glutamylase based on homology, but has
yet to be biochemically characterized. TTLL12 is inactive as
both a glutamylase and a glycylase but is proposed to function
as a pseudoenzyme that alters tubulin tyrosination and DNA
methylation levels indirectly (80).

Beyond the amino acid they specifically incorporate, TTLLs
are distinguished by their preferences for �- or �-tubulin and
whether they are initiases or elongases (Table 1). Initiases add
the first glutamate or glycine to a tubulin tail internal glutamate,
whereas elongases extend these modifications with additional
glutamates or glycines, respectively. TTLL4, an initiase, shows a
preference for �-tubulin, whereas TTLL5, also an initiase, pre-
fers �-tubulin (6). TTLL6, -11, and -13 elongate glutamate
chains preferentially on �-tubulin (6). TTLL3 seems to initiate
glycylation with equal preference for �- and �-tubulin (4),
whereas TTLL8 shows a preference for initiating a glycine
chain on �-tubulin (4).

The different nature of the substrates involved, a �-carboxyl
group for initiation and an �-carboxyl group for elongation,
makes the delineation of the TTLL family enzymes into initia-
ses and elongases quite attractive. However, exceptions seem to
exist to this framework. For example, the �-tubulin glutamylase
TTLL7, the most abundant glutamylase in neuronal tissue, cat-
alyzes both initiation and elongation (76). Even more surpris-
ing, as initiating and elongating glycines are added to markedly
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different substrates (glutamate and glycine, respectively), the
two TTLL3 glycylase homologs in Drosophila melanogaster are
capable of both initiating and elongating glycine chains (4). It is
important to note that most investigations into the substrate
specificity of the TTLL enzymes involve cellular overexpres-
sion. The elevated concentrations encountered in these types of
experiments can lead to increased promiscuity that can con-
found true physiological specificity.

Most TTLL enzymes are much larger than the conserved
�370-residue TTL core that defines the family. TTLL enzymes
typically range in size from �400 amino acids (TTLL1 and -9)
to �1200 amino acids and larger (TTLL4 and -5). Most TTLL
enzymes with autonomous activity (TTLL3, -4, -5, -6, -7, -8,
-10, -11, and -13) are larger than 800 residues, containing con-
served sequences both N-terminal and C-terminal to the TTL
core (4, 6, 76, 79). Although detailed structure-function studies
for TTLL enzymes are lacking so far, in the cases where exam-
ined, sequences outside the TTL core domain are required for
proper subcellular targeting. For example, both TTLL6 and the
longer isoform of TTLL7 require their C-terminal domains for
ciliary localization (6).

TTLL1, the first tubulin glutamylase to be isolated, is part of
an �360-kDa five-protein complex that preferentially initiates
�-tubulin glutamylation (3). Because this is the only enzyme of
the family that was isolated biochemically, whereas the others
were identified from sequence searches based on their common
TTL core, it is not clear whether other TTLLs function as part
of larger complexes in vivo. What is notable in the case of
TTLL1 is that the subunit that contains the enzyme active site
(polyglutamylase subunit 3 (PGs3)) has no glutamylation activ-
ity when expressed in isolation and requires the other four sub-

units for microtubule binding and modification activity (3). The
Chlamydomonas reinhardtii glutamylase TTLL9 also has a
binding partner that targets it to modify ciliary microtubules
(81). TTLL2 may also need to be part of a larger complex for
proper targeting and microtubule binding (6).

Tubulin glutamylation levels are established by the balance
between modification enzymes of the TTLL family and the
enzymes that remove these modifications. Deglutamylation is
carried out by a novel family of carboxypeptidases (CCPs) from
the M14D subfamily of metallocarboxypeptidases (5, 58, 82).
CCP enzymes also show functional diversification. Mammals
typically produce six different CCP enzymes (CCP1– 6) with
unique substrate specificities. CCP1, -4, and -6 shorten polyglu-
tamate chains and also produce �2-tubulin, whereas CCP5
removes branching point glutamates (5). Interestingly, CCP1 is
capable of removing both elongated and branching point glu-
tamates when they are added by TTLL6, but cannot remove
branching point glutamates added by TTLL4 (5), suggesting
that both location and length of the polyglutamate chain
attached to the tubulin tail are determining factors of CCP
enzyme specificity. The specificities of CCP2 and CCP3 were
originally unclear, fueling speculation that either might func-
tion as a deglycylase or a detyrosinase. However, recent charac-
terization revealed that both function solely as deglutamylases
that also generate �2-tubulin (83). Despite decades of effort, the
identity of the tubulin detyrosinase remains unknown. To
date, no enzyme with tubulin deglycylating activity has been
identified either. Identification of these enzymes would
complete the compendium of enzymes responsible for gener-
ating the most prevalent posttranslational modifications of
tubulin and would finally allow functional and mechanistic

TABLE 1
Biochemical characteristics of TTL and TTLL family enzymes
MT, microtubule.
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studies into maintenance and control of the levels and patterns
of these modifications.

Tubulin acetyltransferase is responsible for acetylating �-tu-
bulin on Lys-40. It was initially identified in C. elegans and is
conserved across a wide range of species from flagellates to
humans (8, 84). The acetyltransferase San modifies �-tubulin
on Lys-252 (19), but has multiple substrates in addition to tubu-
lin. Tubulin deacetylases (HDAC6, SIRT2) have been exten-
sively studied, but insights into their precise mechanism of
action have been complicated by the fact that they have multi-
ple substrates other than tubulin (reviewed in Ref. 43).

Polyamination is catalyzed by transglutaminases, a family of
enzymes capable of cross-linking the side chain of glutamine
residues to various primary amines via non-standard isopeptide
bonds. Transglutaminases catalyze the polyamination of both
free tubulin and tubulin already incorporated into microtu-
bules (22). Prior to establishing a connection with microtu-
bules, transglutaminases and polyamines were known to be
important in neuronal differentiation and degeneration (85).

Tubulin phosphorylation is poorly characterized, and ki-
nases linked to tubulin phosphorylation so far have a range of
other substrates. �-Tubulin is phosphorylated by the Syk tyro-
sine kinase (71). Cyclin-dependent kinase 1 phosphorylates
Ser-172 on �-tubulin in addition to modifying several other
MAPs (72). The physiological significance of these phosphory-
lation events is currently not understood.

Writers of the Tubulin Code: Specificity and
Combinatorial Use

The complex microtubule modification patterns observed in
cells are a function of the tissue distribution, developmental
regulation, and biochemical properties of tubulin posttransla-
tional modification enzymes (i.e. substrate specificity and
kinetic parameters) in addition to the tissue-specific enrich-
ment of certain tubulin isoforms. In addition to these first order
factors, pre-existing modifications and their patterns may
influence the further addition and removal of modifications.
Furthermore, the preceding factors are convoluted with the
dynamics of the microtubules themselves (which can poten-
tially be also influenced by modifications) and the effects of
tubulin and microtubule-binding proteins. Faced with this
multilevel regulatory complexity, analysis requires the ability to
generate chemically defined tubulin and microtubule sub-
strates for in vitro reconstitution experiments. Such substrates
can then be used to characterize the basic biochemical proper-
ties of the modifying enzymes. These defined substrates and
enzymes will then allow quantitative investigation of the tubu-
lin code ranging from the dynamics of the modified microtu-
bules themselves to generation of temporal and spatial micro-
tubule modification patterns, to the effects on microtubule
effectors.

To date, the overwhelming majority of in vitro studies of
microtubules and their regulators have employed tubulin puri-
fied from brain tissue. This tubulin is highly heterogeneous as it
contains multiple posttranslational modifications (phosphory-
lation, acetylation, detyrosination, glutamylation) as well as
multiple isoforms (eight �-tubulin and seven �-tubulin) that
give rise to tens of different variants (86). Although microtu-

bules in cells show topographically defined modification pat-
terns, the isolation procedure of microtubules from brain tissue
results in complete scrambling of all the tubulin modifications
and isoforms and thus makes the task of deciphering a tubulin
code impossible. Recent advances now allow the purification of
naive, unmodified tubulin from various sources (9, 10) as well as
recombinant tubulin (11, 12) in which posttranslational modi-
fication sites can be mutated. Using unmodified human tubu-
lin, we have shown how to generate defined posttranslationally
modified tubulin and microtubules that are tyrosinated, glu-
tamylated, and acetylated (13). Variable levels of glutamylation
can be achieved and quantitatively measured using mass spec-
trometry (13).

TTL was the first tubulin modification enzyme to be struc-
turally characterized (75). The enzyme recognizes tubulin via a
bipartite recognition strategy involving low-affinity, high-spec-
ificity recognition of the flexible �-tubulin tail and moderate-
affinity interactions with the tubulin body at interfaces that
prevent the incorporation of soluble tubulin into microtu-
bules (75, 87). TTL competes with stathmin for tubulin bind-
ing (88), raising the interesting question of how other tubu-
lin-binding proteins in the cell can positively or negatively
regulate tyrosination.

Although these structural and functional studies have shed
light on the mechanism used by TTL to distinguish between
soluble and polymeric tubulin, how members of the larger
TTLL family specifically recognize the microtubule polymer is
still unknown due to the lack of any structural information.
Moreover, the molecular basis for the preference for either
�-tubulin or �-tubulin tails is unknown, but is central to under-
standing how the tubulin code is generated.

A systematic biochemical and structural dissection of the
enzymes that modify tubulin constitutes a first step toward
understanding the molecular requirements for generating the
large tubulin chemical diversity observed in cells. However, we
might be quickly approaching a situation where the resolution
of in vitro reconstitution assays will exceed the resolution of
detecting microtubule modification patterns in cells, so far lim-
ited by tools to specifically recognize modifications in vivo and
the resolution of conventional light microscopy. The former
problem promises to benefit from in vitro studies, which bring
with them the hope of generating recombinant antibodies with
higher specificity and resolution for various modifications or
fluorescent amino acid analogs compatible with engineered
TTLL enzyme active sites that could potentially be used for live
cell imaging. Recent years have seen a revolution in high-reso-
lution microscopy techniques that in conjunction with such
labeling tools promise to get us closer to a high-resolution
dynamic map of tubulin posttranslational modifications in
cells.

Pattern Formation in Vivo: Spatial and Kinetic Control

Tubulin posttranslational modification enzymes display tis-
sue specificity as well as distinct subcellular localization (62, 66,
77). This spatial regulation can give rise to diverse modification
patterns in cells and tissues. However, at a more local level, the
dynamic behavior of the microtubules themselves intersects
with the kinetic properties of the enzymes, giving rise to spatial
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and temporal patterns. For example, TTL is specific for soluble
tubulin and does not tyrosinate microtubules (73, 75). Its
kinetic parameters allow it to rapidly tyrosinate the tubulin
cytoplasmic pool. Conversely, the detyrosination reaction con-
centrates on the microtubule polymer. As a result, the newly
growing end of a microtubule would be enriched in tyrosinated
tubulin, whereas older segments can have a lower density of
tyrosinated tubulin and thus differentially recruit factors that
are sensitive to the tubulin tyrosination status (75). Early exper-
iments using anti-tyrosinated tubulin antibodies hint at such
gradients in cells (89).

Several tubulin posttranslational modifications such as
acetylation and glutamylation are correlated with stable, long-
lived microtubules. Although we still do not understand the
causality between modifications and microtubule stability,
recent mechanistic work on tubulin acetyltransferase revealed
that its slow catalytic rate, coupled with its exploration of the
microtubule length, allows it to preferentially mark long-lived
microtubules at enzyme concentrations that are substoichio-
metric to tubulin (51). An understanding of the differential
kinetic parameters of TTLL family members as well as other
classes of tubulin modification enzymes is likely to illuminate
how their molecular properties generate complex temporal and
spatial modification patterns.

Reading the Tubulin Code

It has been known for more than two decades that tubulin
C-terminal tails can regulate the interaction of motors and
MAPs with the microtubule as well as influence the polymeri-
zation properties of tubulin. Early experiments demonstrated a
reduction in the processivity of both kinesin and dynein on
partially proteolyzed microtubules missing their C-terminal
tails (90). Removal of tubulin C-terminal tails also inhibits spas-
tin- and katanin-mediated microtubule severing (91, 92). Early
blot overlay assays revealed that the microtubule binding affini-
ties of Tau, MAP1A, MAP1B, and MAP2 are influenced by
polyglutamylation (93, 94). Single molecule tracking experi-
ments coupled with antibody labeling to identify the posttrans-
lational status of microtubules in cells revealed a specialization
of several kinesins for modified microtubules (95). Further-
more, tail deletions and point mutations of glutamylation and
glycylation sites in Tetrahymena �- and �-tubulin revealed
their importance for the viability of the organism (96, 97).

Subtilisin-treated tubulin missing both �-tubulin and �-tu-
bulin C-terminal tails has a critical concentration 50-fold lower
than tubulin and forms, in addition to microtubules, other poly-
meric species such as sheets, rings, and aggregates (98). These
and other early experiments indicate that tubulin tails and their
modifications can tune both the basic properties of the micro-
tubule polymer and its interaction with cellular effectors. How-
ever, further mechanistic investigations into the effects of the
tails and their posttranslational modifications on motor and
MAP activity were hampered by the unknown identity of most
tubulin modification enzymes as well as the inability to gener-
ate distinctly modified tubulin or tubulin that can be engi-
neered for in vitro experiments.

Several microtubule plus-end tracking proteins, including
CLIP-170 and p150Glued, contain cytoskeleton-associated pro-

tein glycine-rich (CAP-Gly) domains that track the growing
microtubule plus-end by specifically recognizing the �-tubulin
C-terminal tyrosine (99). More recent studies using TTL KO
fibroblasts show that the depolymerizing kinesin-13 mitotic
centromere-associated kinesin (MCAK) is more active on
tyrosinated than detyrosinated microtubules, thus providing a
possible mechanistic explanation for the increased stability of
detyrosinated microtubules in cells (55). Experiments using KO
mice for one of the TTLL1 subunits show that decreased glu-
tamylation on axonal microtubules lowers the affinity of kine-
sin-3 and reduces synaptic vesicle trafficking (42). Glutamyla-
tion also regulates sliding velocities of axonemal microtubules,
likely by modulating the microtubule binding affinity of inner
arm dynein (38, 39). Recent experiments using engineered
S. cerevisiae tubulin revealed the differential regulation of sev-
eral kinesins and cytoplasmic dynein by different �- and �-tu-
bulin isoforms as well as detyrosination (100).

Despite significant progress in the last few years, the effects of
tubulin posttranslational modifications on the recruitment and
activity of most motors and MAPs are still largely unknown and
are just beginning to be investigated. For many modifications,
such as polyamination, phosphorylation, and glycylation, the
effects are completely unknown and will no doubt be the focus
of future experiments once methods to produce well character-
ized microtubules carrying these modifications are developed.

How Does the Cell Interpret the Tubulin Code?

Although the tubulin code is gradually yielding its secrets,
what is not known is how the cell ultimately integrates the
information encoded in tubulin posttranslational modifica-
tions. However, what is clear is that the organism invests a large
amount of coding capacity for modification enzymes, that their
loss can be deleterious to the organism, and that nontrivial
amounts of energy are expended to modify tubulin. Moreover,
tubulin modification enzymes appear to be under strong evo-
lutionary selection. The power of the bottom-up reconstitution
approach has been amply demonstrated in the last five decades
in the study of basic cell biological processes. The analysis of
tubulin posttranslational modifications is rapidly entering this
stage. We see several major challenges: to characterize the
dynamics and mechanical properties of modified microtubules;
to understand the basic principles that give rise to the differen-
tial specificities of tubulin modification enzymes; to understand
how motors and microtubule-associated proteins are influ-
enced by modifications and how their action in turn modulates
the behavior of this dynamic polymer; and to generate modifi-
cation patterns that mimic those found in cells and build com-
plex microtubule array geometries. These basic first steps
should get us closer to understanding how the cell interprets
the tubulin code.
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39. Suryavanshi, S., Eddé, B., Fox, L. A., Guerrero, S., Hard, R., Hennessey, T.,
Kabi, A., Malison, D., Pennock, D., Sale, W. S., Wloga, D., and Gaertig, J.
(2010) Tubulin glutamylation regulates ciliary motility by altering inner
dynein arm activity. Curr. Biol. 20, 435– 440

40. Audebert, S., Desbruyères, E., Gruszczynski, C., Koulakoff, A., Gros, F.,
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Septins are GTP-binding proteins that form filaments and
higher-order structures on the cell cortex of eukaryotic cells and
associate with actin and microtubule cytoskeletal networks.
When assembled, septins coordinate cell division and contrib-
ute to cell polarity maintenance and membrane remodeling.
These functions manifest themselves via scaffolding of cytosolic
proteins and cytoskeletal networks to specific locations on
membranes and by forming diffusional barriers that restrict lat-
eral diffusion of proteins embedded in membranes. Notably,
many neurodegenerative diseases and cancers have been char-
acterized as having misregulated septins, suggesting that their
functions are relevant to diverse diseases. Despite the impor-
tance of septins, little is known about what features of the
plasma membrane influence septin recruitment and alterna-
tively, how septins influence plasma membrane properties. Sep-
tins have been localized to the cell cortex at the base of cilia, the
mother-bud neck of yeast, and branch points of filamentous
fungi and dendritic spines, in cleavage furrows, and in retracting
membrane protrusions in mammalian cells. These sites all pos-
sess some degree of curvature and are likely composed of dis-
tinct lipid pools. Depending on the context, septins may act
alone or in concert with other cytoskeletal elements to influence
and sense membrane properties. The degree to which septins
react to and/or induce changes in shape and lipid composition
are discussed here. As septins are an essential player in basic
biology and disease, understanding the interplay between sep-
tins and the plasma membrane is critical and may yield new and
unexpected functions.

Septins are a conserved family of cytoskeletal GTP-binding
proteins that function in cytokinesis, cell polarity, and mem-
brane remodeling in many eukaryotic cell types (1, 2). To con-
tribute to these diverse process, septins polymerize into fila-
ments and higher-order structures that organize the cell cortex
into domains that are tightly controlled in time and/or space
(3). Higher-order septin structures act to recruit and/or inte-
grate protein networks at specific locations, an example being
contractile ring components in cell division (4 –7). In addition,
septins are thought to alter lateral diffusion of proteins embed-

ded in the plasma and endoplasmic reticulum (ER)2 mem-
branes and may influence local lipid composition (8 –10). In
addition to membrane association, septins interact with,
respond to, and organize the actin and microtubule cytoskel-
etons (11). Although septins were discovered by Hartwell, Prin-
gle, and colleagues (12) in cell division cycle screens decades
ago, understanding of septins has lagged behind other cytoskel-
etal systems. Recent biochemical, structural, and biophysical
approaches, however, have made septins highly tractable and
brought about exciting advances. Despite this recent progress,
many fundamental questions remain in the septin field, in par-
ticular, the mechanisms by which septins associate with and
influence the cell cortex.

A better understanding of septin biology is of both biomedi-
cal and ecological importance. Human septin misregulation is
associated with numerous disease states, which range from can-
cers to neurodegenerative disorders (13). For example, septin
expression levels are altered in a variety of solid tumors, and
recently, it has been shown that cell lines overexpressing indi-
vidual septins are better at crawling in two-dimensional and
three-dimensional matrices (14, 15). In addition, the meth-
ylation status of septin 9 DNA is gaining use as a blood screen-
ing tool for colorectal cancers (16, 17). In neurons, septins are
thought to play an important role in the migration of neural
precursors and later in establishing proper morphology (18 –
20). Moreover, in fungal pathogens, septins are generally
required for virulence and are thought to be directly involved in
host tissue entry (21). This includes a variety of human patho-
gens, such as Candida albicans, as well as devastating plant
crop pathogens, including Magnaporthe oryzae, the cause of
rice blast disease (22–24). Given this context, our current
understanding of septin form and function must be broadened.

Fortunately, numerous studies in the last 10 years have begun
to reveal basic properties of the septin proteins. The number of
septin genes varies widely between eukaryotic organisms, from
2 in nematodes to 13 in humans (25–27). Despite this variabil-
ity, single particle electron microscopy and crystallography
studies have shown that septins assemble into a conserved rod-
shaped heteromeric complex (also referred to as a protofila-
ment) (Fig. 1A) (28 –30). Septins interact with one another via
two interfaces: a surface comprising the GTP-binding domain
and a surface created by the N and C termini, which are brought
into close proximity upon folding (28). Septins are thought to
interact with anionic phospholipids via a highly conserved
polybasic region near the N terminus composed of 2– 6 posi-
tively charged residues (31, 32). The polybasic region of an indi-
vidual septin monomer is brought into the proximity of a poly-
basic region of an adjacent septin protein upon interaction at
the N- and C-terminal interface (Fig. 1A). In addition, most
septins are predicted to have a C-terminal coiled coil domain.
This region remains functionally mysterious as it has failed to
resolve by x-ray crystallography, possesses high flexibility, and
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produces variable phenotypes when removed from individual
septins (28, 29, 33, 34). These rod-shaped complexes serve as
the basic subunit of filament assembly.

Insights into how septins form filaments have come from
both structural studies and reconstitution of septin assembly on
synthetic lipid bilayers. Unlike actin and microtubules, the sep-
tin complex is non-polar along the long axis in recombinant
systems, with individual septins arranged in palindromic order
(Fig. 1A) (28, 29, 35). Pure yeast septin complexes form fila-
ments upon transfer to low salt buffer (�50 mM) or upon con-

tact with a synthetic phospholipid surface (33, 36, 37). Consis-
tent with a non-polar organization, yeast septins on supported
lipid bilayers polymerize at both filament ends via a process that
involves annealing of short filaments into long filaments (Fig.
1B) (37). These assembled filaments may exist as individual
polymers, pairs, bundles, “gauzes,” and sheet-like arrangements
(Fig. 1C) (30, 33, 38 – 41). Collectively, these structures are
referred to as septin assemblies or higher-order structures. It is
generally thought that septins function in cells as higher-order
assemblies (42).

Septin function is intimately linked with cortical and cyto-
skeletal networks; however, detailed mechanistic studies of the
septin-membrane interactions are just beginning to be under-
taken. The goal of this review is to highlight both what is known
and what is unknown about the interplay between the septins
and the cell cortex. We will begin by discussing established and
emerging septin functions at the cell cortex followed by a
review of recent progress in understanding the dynamics and
organization of septin higher-order structures.

Function of Higher-order Structures at the Cell Cortex

When assembled on the cell cortex, septins integrate both
spatial and timing information to coordinate highly regulated
processes such as cytokinesis, ciliogenesis, or phagocytosis (43–
45). Frequently, septins localize to the cortex at boundaries
between cell compartments: the base of cell outgrowths (cilia,
dendritic spines, filopodia, and hyphal branches), as well as sites
of cell division (45– 48). At these transition zones, septins act as
platforms to convene cytoplasmic and cytoskeletal proteins.
This scaffold property is best described at the bud neck of Sac-
charomyces cerevisiae to which �60 proteins have been shown
to localize, most in a septin-dependent manner (Fig. 2A) (5,
49 –51). Proteins that interact with septins can be categorized
into several functional groups: those involved in the cell cycle,
cell shape, polarity, and cytokinesis. Thus, assembled septins at
the bud neck of yeast integrate cell cycle regulation and mor-
phogenesis (52). In mammalian systems, higher-order septin
assemblies, in concert with anillin, are involved in organizing
cytokinetic machinery but do not appear to play any mechani-
cal role in division. Septins collaborate with anillin at the cell
cortex to recruit and stabilize myosin, actin, and regulatory
kinases at the site of cell division for coordinated contraction (6,
53–58). Subsequently, septins are important for the morphol-
ogy and maturation of the intercellular bridge and midbody and
thus for the resolution of division in animal cells (53, 58, 59).
Despite an abundance of interacting proteins, no general septin
interaction motifs have been described in the population of
proteins that depend on septins for localization. Likewise, it is
not known what septin domains are involved in scaffolding as
opposed to polymerization and membrane association. Al-
though it is clear that septins act as a scaffold, the mechanisms
controlling how septins interact with specific proteins is ripe
for investigation in cells and by reconstitution.

Increasing evidence suggests that septins influence animal
cell shape and cortical rigidity in interphase and during cell
division. In both cases, the effect of septins on plasma mem-
brane properties could simply be through organizing the acto-
myosin cortex, or may be due to a direct effect of septin fila-

FIGURE 1. Septin complex and filament formation. A, structure of the
human septin complex. The septin complex is arranged in a palindromic
order by alternating N and C termini (NC) and G-interface (G) associations.
Each septin contains predicted C-terminal coiled coil extensions, which have
remained mysterious in function. A polybasic stretch of amino acids is
thought to be important for membrane association (arrowheads), and poly-
merization occurs through terminal subunit interactions (arrows). The palin-
dromic and rod nature of the complex is conserved in yeast and Caenorhab-
ditis elegans. HSC, human septin complex; YSC, yeast septin complex; CeSC,
C. elegans septin complex. B, recent studies have begun to analyze the mech-
anism by which septins polymerize. Septin polymerization is characterized as
involving frequent annealing, or joining, of two short filaments into a longer
one on supported lipid bilayers. C, structural studies of septin filaments in low
salt solution and on model lipid membranes. Septins polymerize into paired
filaments in low salt solutions and single, branched, and tightly paired fila-
ments on lipid monolayers. Panel A is modified, with permission, from Ref. 28
(human and yeast complexes) © 2007 Macmillan Publishers Ltd., and Ref. 29
(C. elegans complex), © 2007 European Molecular Biology Organization. All
rights reserved. Panel B is reproduced from Ref. 37, © 2014 National Academy
of Sciences. All rights reserved. Panel C is reproduced from Ref. 36, © 1998 J. A.
Frazier et al., originally published in J. Cell Biol., and Ref. 33, © 2010 Elsevier Ltd.
All rights reserved.
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ments on the rigidity or composition of the plasma membrane
(1, 60). Septin function via actin coordination is supported by
recent analysis of septins in cellularizing Drosophila embryos,
in which it is clear that septins are required for normal cell
shape and septins contribute to the formation of tight, curved,
actin bundles in cells and with pure components (Fig. 2B) (61).
In addition, knockdown of septins in HeLa cells has been shown
to reduce cell stiffness to similar levels as treatment with latrun-
culin B, as measured by atomic force microscopy (62). In
T-cells, septin knockdown results in abnormal cell morphology
characterized by an increased frequency of blebs and extended
cell protrusions (Fig. 2C) (63). Notably, septin influence on
T-cell shape seems to occur as a response to malformed regions
of the plasma membrane, rather than being proactive in pre-
venting such deformations (63). Moreover, cells exposed to
hypotonic media, followed by regulatory volume decrease, form
a variety of septin structures including puncta and rings on
membrane invaginations (63). Cells lacking septins return to a
normal volume substantially slower than control cells, similar
to latrunculin treatment, yet no additive effect was observed
when septin knockdown was paired with actin depolymeriza-
tion. Might this work through septin coordination of actin to
drive retraction, or could septins themselves direct changes in
cell shape? Taken together, increasing evidence suggests that
septins are a major player in cortical integrity and cell shape,
likely in part through coordination with the actin cortex.

In addition to influencing actin at the cell cortex, cortical
septins also associate with microtubules directly and indirectly
in various contexts. In budding yeast, septins are important for
spindle positioning by scaffolding proteins responsible for
aligning the spindle between mother and bud (64). Similarly, in

developing axon collateral branches, SEPT7 is important for
directing microtubules into filopodia, a process required for the
successful formation of branches (18). In non-adherent mye-
loid K562 cells, which possess an abundance of cortical micro-
tubules, septins form striking disc or ring-like structures at the
cell cortex (65). In the absence of microtubules, these disc
structures disperse and septins localize diffusely to the cell cor-
tex. Notably, in these cells, actin depolymerization had no effect
on septin localization. What are the properties of the mem-
brane at these microtubule-dependent sites of septin assembly
and what function do these septin discs serve? In addition, sep-
tins have been implicated in microtubule remodeling away
from the plasma membrane by numerous studies (66 – 69). The
emerging appreciation of septin interaction with other cyto-
skeletal networks is exciting, and coordination of these net-
works is likely an important conserved function.

Although septins respond to and recruit proteins to the cell
cortex, there are likely roles for septins in regulating membrane
properties. In combination with other mechanisms that gener-
ate cellular asymmetry, septins may compartmentalize cell
membranes by functioning as diffusion barriers (Fig. 2D) (9,
70). Septins are closely apposed to the plasma membrane, and
this may restrict the passage of integral membrane proteins of a
sufficient size. Alternatively, or in addition, septins or septin-
binding proteins may recruit, modify, or maintain a pool of
specific lipids leading to a selectively permeable barrier that
operates based on lipid preferences of the impacted proteins (8,
71). The diffusion barrier property of septin assemblies was
noticed, and has been most studied at the yeast mother-bud
neck where septins are thought to restrict diffusion of mem-
brane-associated proteins and lipids between mother and bud,

FIGURE 2. Septin function in eukaryotic cells. A, septins at the cell cortex scaffold proteins involved in cell polarity, cell shape, cell cycle, and cytokinesis. Septin
scaffolding is best studied at the mother-bud neck of S. cerevisiae, which serves as a site that integrates complex signals. B, septins have increasingly been
implicated in cytoskeletal remodeling. Here, septins have been shown to bundle and bend actin in vitro. C, septins are important players in animal cell cortical
rigidity. Cells that lack SEPT7 during cell division displayed an altered cell shape characterized as containing abundant blebs indicative of an unstable cell
cortex. D, septins are thought to act as lateral diffusion barriers in the plasma membrane and adjacent organelles. This may occur through enrichment of lipid
species, rendering the plasma membrane semipermeable, or it may occur through a structural mechanism. Recently, adjacent ER membranes in S. cerevisiae
have been shown to contain a diffusion barrier that is also septin-dependent. TM protein, transmembrane protein. Panel A is reproduced from Ref. 51 © 2013
by The American Society for Cell Biology. Panel B is reproduced from Ref. 61, © 2007 Macmillan Publishers Ltd. All rights reserved. Panel C is reproduced from
Ref. 63, © 2012 J. K. Gilden et al., 10.1083/jcb.201105127, originally published in J. Cell Biol.
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in effect maintaining asymmetrically distributed membrane
proteins (72, 73). Interestingly, the septin hourglass at the bud
neck has also been shown to impose a diffusion barrier on other
organelles from the cortex, namely the ER. Septins interact with
membrane-associated ER proteins that may locally enrich sph-
ingolipids, allowing for selective inheritance of ER proteins (Fig.
2D) (8, 10, 74). Septins have also been localized to plasma mem-
brane-ER junctions in HeLa cells. At these sites, septins orga-
nize PI(4,5)P2 microdomains and are involved in store-oper-
ated Ca2� entry (75). In addition, septins have been proposed to
act as a diffusion barrier for cytokinetic machinery during cyto-
kinesis, although an intact diffusion barrier is not required for
successful cell division (76, 77). A diffusion barrier function has
been evoked in mammalian systems as well at the base of cilia
and dendritic spines and in the diffusion of the Glutamate
Aspartate Transporter (GLAST) (20, 45, 78). Despite numerous
studies that have suggested septins are important for a diffusion
barrier function in cells, how septins restrict lateral diffusion in
and on membranes is unclear, and analysis in vitro could be
informative. Reconstitution of such behavior will help dissect
whether the diffusion barrier phenotype is a septin intrinsic
property if other proteins are involved. How lipid distribution
and membrane diffusibility are influenced by septins is an
important frontier for the field, and further study will help in
understanding how this property contributes to the many
mechanisms used by cells to generate asymmetry. Next, we will
discuss the dynamics of assembly and states of organization of
septin higher-order structures.

Path to the Plasma Membrane

The process by which septin complexes, the units of poly-
merization, are formed has only recently begun to be addressed.
A breakthrough in septin complex biochemistry came when
Sheffield et al. (79) were able to co-express three mammalian
septin genes on two plasmids in the same E. coli cell. When a
single septin protein is epitope-labeled, all three septins co-pu-
rify in rod-shaped complexes that resemble those immunopre-
cipitated from native cells (79). This expression system has
been adopted for yeast and Drosophila septins and demon-
strates the true “self-assembling” propensity of the septin com-
plex (80, 81). Despite this, recent work has shown that yeast
cells monitor the quality of septin complexes being incorpo-
rated into the higher-order structure at the bud neck. The
McMurray group (82) showed that septin proteins carrying
mutations in the G-interface are not assembled into higher-
order structures in the presence of wild type proteins. Are other
proteins, such as chaperones, involved in monitoring the for-
mation of stable septin complexes? The fact that these muta-
tions are localized to the G-interface may suggest a role for
GTPase function in the assembly of septin complexes, rather
than in the assembly or dynamics of septin filaments. Indeed,
septins have been found to hydrolyze and exchange nucleotide
very slowly in cells and in vitro, and the half-life of septin com-
plexes is correspondingly slow (83– 86). Thus, although pro-
gress has been made in understanding the assembly process of
septin complexes, much work remains.

The existence of quality control systems in assembly of septin
complexes raises the possibility that septin protein synthesis

could be spatially or temporally coordinated. A particularly
interesting recent study in the highly polarized cells of Ustilago
maydis, a fungal plant pathogen, showed that septin CDC3
mRNA is tethered to and likely translated on endosomes being
transported to the growing tip (87). Could organelle mem-
branes such as the endosome be a platform for coordinating the
local synthesis of different septins and for assembly of septin
complexes? Because of the variety of septin genes and isoforms
in higher eukaryotes (expressed in the same tissues), the num-
ber of possible septin complexes, as well as their potential
unique functions within a single cell, is extremely complex.
Understanding the process of septin complex assembly, such as
a localized production in territories of the cytosol or on endo-
somal membranes, may shed light on septin complex diversity
and function.

Once stably assembled, septin complexes are competent for
polymerization into filaments and higher-order structures. In
the cytoplasm, septins are thought to exist primarily as single
complexes as demonstrated by density centrifugation of soluble
proteins in lysates and by fluorescence correlation spectros-
copy in living cells (37, 88). Notably, the cytoplasmic septin
complex concentration in three fungal organisms has been mea-
sured at �200 nM by fluorescence correlation spectroscopy, a
concentration well above a “critical concentration” for filament
formation with pure protein at low salt concentrations; how-
ever, only non-filamentous complexes were detected in cytosol
(37). Could a “capping protein” or posttranslational modifica-
tion prevent septin polymerization in the cytoplasm, or is the
cytoplasmic ionic strength too high to promote filament forma-
tion? In contrast, analysis of the fungal cell cortex by total inter-
nal reflective fluorescence microscopy has revealed that septins
exist as a distribution of short filaments and dense higher-order
structures (37). The assembly and function of higher-order
structures on the cortex are the topics of the following section.

Formation of Higher-order Structures

How are septins recruited and stabilized on the plasma mem-
brane? As briefly described above, the septin-plasma mem-
brane association is thought to occur via an N-terminal polyba-
sic stretch interacting with anionic phospholipids. Mutational
analysis of the polybasic domain has produced variable results
and is complicated by the fact that it is within a region impor-
tant for polymerization and that most septin proteins have the
conserved domain (33, 89). Indeed, avidity through multiple
binding sites and polymerization could complicate the analysis
of a single protein’s polybasic mutations, and multiplicity of
weak binding sites could be a driving factor in stable septin
association with membranes (89). Notably, removal of the poly-
basic region of a single septin in yeast results in inviability,
although the interpretation of such a mutation is complicated
(42). In animal cells, it will be important to discern whether
septin cortical localization is due to direct association with
membrane or via association with other components of the cell
cortex. There is clear room for further structural and kinetic
analysis of how septins associate with membranes and how this
association may be regulated.

The role of specific lipids in promoting the recruitment and
shape of higher-order assemblies has also been challenging to
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dissect. Experiments assessing phospholipid specificity in vitro
have produced variable results, depending on the septin con-
struct used and the organism of origin. Early experiments per-
formed with individual recombinantly expressed septins from
humans and yeast showed a preference for phosphorylated
phosphatidylinositides (31, 32). More recently, several groups
have shown that heteromeric septin complexes bind to and
form filaments on monolayers and bilayers containing phos-
phatidylinositol, phosphatidylinositol phosphate, and/or
PI(4,5)P2, but only a small number of different membrane com-
positions have been assessed (33, 37). In budding yeast, septins
appear mislocalized when PI 4-kinases are deleted or when PI
3-kinase is overexpressed, although these conditions risk being
highly pleiotropic and phenotypes could be the result of mislo-
calized septin regulators (32, 90). Experiments assessing lipid
binding specificity of pure heteromeric complexes across spe-
cies are needed. It is important to consider and test the possi-
bility that septins bind negatively charged phospholipids in
general beyond phosphatidylinositides and that septin-binding
proteins, many of which also contain lipid-binding motifs,
assist in septin recruitment to the cell cortex. It is also possible
that lipid composition influences the geometry of higher-order
septin organization, as demonstrated by Bertin et al. (33) on
monolayers containing PI(4,5)P2, where less paired, and more
sheet-like arrangements were observed as compared with
assemblies formed in low salt solution. Indeed, further work
should investigate what role local lipid composition has on the
location and morphology of higher-order assemblies.

It has recently been shown in fungi that upon binding to the
plasma membrane, septin complexes diffuse and collide to
form short septin filaments (37). Short filaments can anneal to
make longer filaments, which merge into higher-order struc-
tures. In addition, reconstitution of septin assembly on sup-
ported lipid bilayers showed that relatively long septin fila-
ments form in a matter of seconds from nanomolar septin
complex concentrations by a process that is largely driven by
annealing of short filaments on the bilayer, rather than solely by
the addition of single complexes to filament ends. Both the in
vitro and in vivo data in fungi suggest that the membrane can
promote polymerization by restricting diffusion to two dimen-
sions and promoting favorable end-on interactions for polymer-
ization. However, it is also worth noting that in higher
eukaryotes, septins are seen to associate with other cytoskeletal
systems in the cytoplasm, and if septins are polymerized in this
context, it is conceivable that other cytoskeletal assemblies
could play a role in septin polymerization.

What determines the cortical locations where higher-order
septin structures form? Local signaling by Cdc42 and other
Rho-GTPases frequently demarcates sites of assembly at the
cell cortex (91). Cdc42 GTP cycling has been shown to be crit-
ical for septin ring formation in yeast and Cdc42-GDP, and its
effector Gic1 can directly associate with and regulate the stabil-
ity of septin filaments (40, 92–94). Although Cdc42 has been
shown to promote assembly of the septin higher-order struc-
tures, it is possible that features of the plasma membrane at sites
of assembly such as composition and shape also play a role (93,
95). Recent work has shown that Cdc42 recruitment of septins
to an incipient bud site in yeast is followed by an exocytosis-

driven sculpting of a septin ring or hourglass. Could it be that a
change in membrane properties, the result of exocytosis, helps
establish a stable septin higher-order structure (95)? Many sites
of higher-order septin assemblies, including the cytokinetic
furrow, the yeast bud neck, the base of filamentous fungal
branches and cilia, and the dendritic spines, have some degree
of membrane curvature (Fig. 3A). Do septins recognize and/or
influence plasma membrane shape? Evidence for inducing
shape change comes from experiments using septins from brain
tissue and recombinant co-expression, which demonstrated
their propensity to tubulate giant unilamellar vesicles, although
more experiments are necessary to determine whether this
property is relevant in vivo (Fig. 3B) (89). If, in fact, septins do

FIGURE 3. Septin localization at sites of membrane curvature and higher-
order structure organization. A, septins localize to curved membranes in
diverse contexts. Septins localize to the cytokinetic furrow (green, SEPT2; red,
myosin IIA), the base of axon branches (green, SEPT7; red, F-actin), and at the
base of branches in filamentous fungi (green, SEPT7; red, F-actin). B, septins
display properties that indicate their localization may be driven by mem-
brane shape. Septins tubulate giant unilamellar vesicles in vitro, and the
human and yeast septin complexes have been shown to hinge and curve,
respectively, along their length. HSC, human septin complex; YSC, yeast sep-
tin complex. C, structural organization of septin filaments in the yeast bud
neck. Prior to ring-splitting, septins localize along the mother-bud axis. After
cell division, septin filaments reorganize to run circumferentially. Panel A is
reproduced (from left to right) from Ref. 6, © 2007 Elsevier, Ref. 18, © 2012
Elsevier, and Ref. 48, ©2009 by The American Society for Cell Biology. All rights
reserved. Panel B is reproduced (from left to right) from Ref. 89, © 2009
Elsevier, Ref. 28, © 2007 Macmillan Publishers Ltd., and Ref. 35, © 2008
National Academy of Sciences. All rights reserved. Panel C is reproduced from
Ref. 41, 2014 Macmillan Publishers Ltd., All rights reserved.
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prefer and/or promote curvature, how might this work? Single
particle EM studies of the human septin complex have shown
that it is able to hinge in the middle up to 30° (28). Interestingly,
the yeast septin complex was not observed to hinge, but rather,
a high frequency of complexes was determined to possess cur-
vature along their length (Fig. 3B) (30). What role might a
curved membrane play on the septin assembly process? Are
plasma membrane curvature and lipid composition separable
factors? Are septins simply responding to curvature, or can they
also induce curvature in cells? Beyond looking at localized
small GTPase activity, it is critical to understand how mem-
brane shape and composition function to organize and sta-
bilize higher-order assemblies.

Once recruited to the membrane, filaments come together
into a variety of higher-order structures. The organization of
septin filaments within functional higher-order structures has
been extensively studied, particularly in S. cerevisiae, starting in
1976 with Byers and Goetsch’s detection of prominent fila-
ments at the mother-bud neck (96). As demonstrated by fluo-
rescence polarization microscopy, electron tomography, and
platinum replica EM of unroofed spheroplasts, septin filaments
possess a high degree of organization in higher-order structures
(38, 39, 41, 97, 98). Indeed, in the septin hourglass, pairs of
septin filaments were found to run parallel to the mother-bud
axis (Fig. 3C) (41). Immediately prior to cell division, the septin
hourglass splits into two rings, and this process has been char-
acterized as involving a major reorientation of septin filaments
to a circumferential organization (41, 97). The reorganization
at the hourglass to split ring transition is coincident with a
substantial loss of septin filaments as well as the rearrangement
and assembly of new filaments (Fig. 3C). How are transitions
between different septin organizations, such as single strands,
pairs, bundles, and gauzes, controlled in living cells? (33, 36).
Are septin filaments capable of self-assembling into complex
organizations, or do other proteins control their organization
(40)? In meshes, which population of filaments contacts the
membrane, and how does this relationship influence large rear-
rangements seen at cytokinesis? As the in situ higher-order
assemblies become clearer, future work will need to address
how regulatory proteins execute changes in dynamics and orga-
nization in sync with the cell cycle. Additionally, ultrastructure
studies of assemblies in the context of animal cells will be
critical.

Although substantial progress has been made in understand-
ing the assembly of septin higher-order structures, the process
by which septins disassemble remains elusive. What role does
changing membrane shape and lipid composition during cyto-
kinesis play in their disassembly? Although other proteins
involved in the process of S. cerevisiae septin ring splitting have
been identified, their mechanism of action remains unclear.
Numerous septins and septin regulators are phosphorylated at
some time in the cell cycle, and it is possible that opposing
dephosphorylation could trigger rearrangement or septin dis-
assembly (99). In addition, septins on supported lipid bilayers
have been shown to fragment (37). Might this property be cen-
tral to dynamic rearrangements?

Concluding Comments

In conclusion, the septin cytoskeleton is an important and
remarkably exciting player in organizing the complex eukary-
otic cell cortex. Recent studies have revealed that the septins are
more dynamic than previously appreciated, they are intricately
associated with other cytoskeletal systems, and they have an
emerging role in responding to changes in plasma membrane
shape. Despite these advances, many fundamental questions
pertaining to their interplay with the plasma membrane and
cell cortex remain to be addressed. Recent advances in imaging,
the development of in vitro reconstitution techniques, and ever
increasing interest in the field have put the septins in a place
where these fundamental questions are capable of being
addressed in the near future.
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Bacteria use homologs of eukaryotic cytoskeletal filaments to
conduct many different tasks, controlling cell shape, division,
and DNA segregation. These filaments, combined with factors
that regulate their polymerization, create emergent self-orga-
nizing machines. Here, we summarize the current understand-
ing of the assembly of these polymers and their spatial regula-
tion by accessory factors, framing them in the context of being
dynamical systems. We highlight how comparing the in vivo
dynamics of the filaments with those measured in vitro has pro-
vided insight into the regulation, emergent behavior, and cellu-
lar functions of these polymeric systems.

The use of fluorescent proteins changed our view of the
bacterial cell; rather than being homogeneous mixtures, bac-
terial cells are spatially organized, placing components at
specific locations. With the discovery that bacteria contain
structural homologs of eukaryotic actin and tubulin (1, 2), it
was proposed that these polymers might have organizational
and structural roles similar to their eukaryotic counterparts
(3, 4).

The first homologs of the eukaryotic cytoskeleton discov-
ered in bacteria are some of the most conserved. FtsZ is a
tubulin that localizes to the cleavage plane and is essential
for cell division (5). MreB is an actin distributed along the
length of the cell, and it is essential in many bacteria for both
rod shape maintenance and elongation (6). Although these
two proteins have less than 15% sequence identity to their
eukaryotic counterparts, they show a high conservation of
tertiary structure (2, 7), and also hydrolyze and polymerize
with the same nucleotide: FtsZ with GTP, and MreB with
ATP (2, 8).

Filaments are also encoded by extra-chromosomal elements;
low copy plasmids use polymers to bias segregation to both
daughter cells. Examples include actins such as ParM found on
Escherichia coli plasmids (9), AlfA on Bacillus subtilis plasmids
(10), and many others (11). Additionally, tubulin homologs,
such as TubZ, have been found on Bacillus plasmids (12). Even
bacteriophages use tubulin filaments, such as PhuZ, to organize
nascent phage particles to the host mid-cell (13).

We Are All Snowflakes: The Diversity of Bacterial
Polymers

Ultrastructural studies of these distant homologs revealed
that the actin and tubulin folds are capable of assembling into a
wide variety of filaments. ParM forms two-stranded left-
handed filaments (14). AlfA forms large bundles composed of
short, mixed polarity, left-handed filaments (15). Unlike all
other actins, MreB forms flat, antiparallel protofilaments, with
laterally adjacent monomers in register, rather than staggered
(16).

Among tubulins, FtsZ forms short, single-stranded filaments
(17) that are straight or curved depending on conditions (18),
whereas PhuZ forms three-stranded filaments with a right-
handed twist (19). Interestingly, TubZ initially forms right-
handed double filaments that transition into a four-stranded
form following GTP hydrolysis (20).

In addition to the filaments listed above, there are many
other families of bacterial filaments (extensively reviewed
elsewhere (21)), including bactofilins, intermediate filament
proteins, and metabolic enzymes. Collectively, these bacte-
rial polymers have been termed the “prokaryotic cytoskele-
ton” (2, 21), a phrase historically based on the structural
homology of FtsZ and MreB to the eukaryotic actin and
tubulin folds.

This review summarizes the current understanding of how
these polymers behave in isolation, and also how they are spatially
regulated by other factors to create emergent biological machines.
We highlight how comparisons of polymer dynamics in vitro and
in vivo have shed light on both the regulation and the cellular func-
tion of these filaments. We start by reviewing “case studies” of the
minimal plasmid segregation systems and detail how the same
approaches have been used to study FtsZ and MreB.

Easy to Understand because There Are Only Three
Things to Look at

Plasmid segregation systems contain only three components;
the dynamic properties of their filaments both in isolation and
in combination with the other two components have been well
characterized. These systems are single operons, encoding a
polymer, a DNA-binding protein, and a centromeric DNA
sequence. From these parts, ParMRC builds two structures:
ParM filaments and a ring-like kinetochore created by ParR
binding to sequence repeats in parC (22, 23). Two pieces of in
vivo and in vitro data suggested that ParR/parC modulates
ParM dynamics to make a plasmid-segregating spindle. In vivo,
long ParM filaments extend through the length of the cell with
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plasmids at each end. Filaments were visible only when there
was more than one plasmid (24). In contrast, ParM creates
short, transient polymers in vitro. Assembly proceeds by rapid
nucleation followed by growth from both ends. Filaments depo-
lymerize from either end via hydrolysis-mediated dynamic
instability (25). The discrepancy between the long, stable fila-
ments in vivo and the short, unstable filaments in vitro was
explained by combining all three components, which showed
that ParR/parC stabilizes ParM filaments to the ATP state,
inhibiting filament catastrophe at bound ends (26). This sug-
gested that filaments, stabilized at both ends, elongate by inser-
tional polymerization (26) (Fig. 1, top spindles in b and c). The
turnover of unattached filaments provides free monomers to
favor growth at ParR/parC. A later study found that interac-
tions between ParM filaments can also stabilize them (27), sug-
gesting that two filaments, each attached to a single kineto-
chore, can form a productive spindle, elongating only at the
ParR/parC-bound ends (Fig. 1, bottom spindles in b and c). This
study also observed that ParR/parC can bias the growth of
ParM filaments assembled in AMPPNP5 to the ParR/parC-
bound end, a behavior noted in previous work (26). This biased
growth led the authors to a model where 1) ParR/parC can bind
to only one end of ParM filaments, and 2) like eukaryotic
formins, ParR/parC increases the monomer on-rate at the
bound end. However, this model creates a kinetic dilemma.
ParR/parC accelerates polymerization of AMPPNP fila-
ments only at the bound end (27), yet ATP ParM filament
ends elongate at the same rate (at both ends) both when they
are free and when they are ParR/parC-bound (25, 26, 28).
This rate of ATP filament elongation matches the rate of

spindle elongation observed in vivo (29). This kinetic dis-
crepancy (which likely arises due to the difference in free
monomer concentrations between the nucleotide condi-
tions) remains to be resolved.

The TubZRC system is remarkably similar to ParMRC,
despite using a tubulin. First, the TubR/tubC kinetochore
structure strongly resembles ParR/parC (30). Second, TubZ
polymers treadmill in vivo (31), indicating that they are also
unstable, although less so than ParM. Third, TubR/tubC stabi-
lizes polymers, allowing TubZ filaments to form beneath their
normal critical concentration (30) (Fig. 1).

The Alf system uses alternative means to achieve the same
goal. It comprises the actin AlfA, the DNA-binding AlfB, and
the parN centromere. In vivo, AlfA forms large filament bun-
dles that recover from photobleaching from both ends of the
bleached region (10). However, bundles formed in vitro are sta-
ble over several minutes (15). This difference can be explained
by the opposing effects of AlfB on AlfA. Free AlfB binds to the
sides of AlfA filaments, inhibiting bundling and increasing fila-
ment turnover. In contrast, AlfB complexed with parN nucle-
ates AlfA filaments, which form stable bundles via lateral inter-
actions. AlfB/parN also lowers the critical concentration of
AlfA, favoring growth at parN. Reconstitution of all three com-
ponents in vitro demonstrated that AlfB/parN complexes ride
on the ends of elongating bundles and also move along existing
bundles in both directions. Continued growth at AlfB/parN is
ensured by free AlfB repressing AlfA polymerization elsewhere
in the cell (32) (Fig. 1).

In all the above cases, nucleation of these polymers by
themselves is rapid and appears unregulated in space.
Although the inherent polymer dynamics and regulation
thereof vary greatly between these systems, they follow a5 The abbreviation used is: AMPPNP, Adenylyl imidodiphosphate.

FIGURE 1. Summary of three-component plasmid segregation systems. A common theme among the ParM, AlfA, and TubZ spindles is the spatial regulation
of polymer stability. a, the polymers have differing degrees of inherent instability (stable in blue, unstable in red). ParM is dynamically unstable, TubZ treadmills,
and AlfA is stable over minutes, although it is destabilized by free AlfB. b, polymers within the spindle are stabilized in two ways: 1) interactions with the
DNA-binding protein and plasmid DNA, and 2) lateral interactions with neighboring filaments. c, the native properties of each polymer combined with the
regulation conferred by the other factors cause filaments in the spindle to be stable relative to those elsewhere in the cell, which favors filament elongation at
kinetochores. The black arrows depict the direction of traveling plasmids.
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common principle: The subset of filaments attached to the
kinetochore is stabilized relative to free filaments. This
allows the stable spindle to elongate using the monomer pool
provided by the turnover of unattached filaments (Fig. 1).
We wish to note that it is possible that nucleation may also
occur at the kinetochores of all these systems. Although AlfA
is the only bacterial polymer found to be regulated by nucle-
ation, it has not been proven that the other polymers are also
nucleated at the plasmids.

Dear Eukaryotic Cytoskeleton: I May Look Like You, but
I’m Different

Unlike the eukaryotic cytoskeleton, FtsZ and MreB do not
directly impose cellular geometry themselves; they influence
bacterial cell wall synthesis, a complex process involving many
proteins (33). FtsZ and MreB in the cytoplasm control the activ-
ity of the cell wall-synthesizing enzymes on the opposite face of
the membrane, defining the cellular location of cell wall synthe-
sis and thus the shape of the cell (Figs. 2a and 3b). Therefore, to
understand bacterial growth and division, we must understand
how these filaments and their accessory factors function as
complete systems.

FtsZ: The Closer We Look, the Weirder It Gets

FtsZ is required for localization of all other proteins that
form the “divisome” (34) (Fig. 2a). Divisome proteins assemble
in a hierarchical, two-step fashion: “early” and “late.” Early pro-
teins tether FtsZ to the membrane and regulate its polymeriza-
tion and structure. Late proteins synthesize the cell wall and
segregate any chromosomes trapped at the constriction (34)
(Fig. 2a).

In vivo, FtsZ can form multiple structures: a tight ring at the
mid-cell (i.e. Z-ring) and shorter spirals or arcs near the division
site (35). FtsZ was reported to form long helices spanning the
cell length (36), but these structures are likely artifacts caused

FIGURE 2. a, schematic of proteins at the division site. FtsZ polymers are
anchored to the membrane through early divisome proteins (e.g. ZipA and
FtsA). Other early proteins (e.g. ZapA and FzlA) that stabilize the Z-ring are not
shown. Subsequently, late proteins (e.g. FtsKQLNBIW), including cell wall syn-
thesis enzymes, arrive to continue divisome assembly. b, two models of Z-ring
structure. The first model (left) suggests that FtsZ filaments form a continuous
ring or compressed helix. The second model (right) proposes that the ring is
made of short, disorganized polymers with a few lateral contacts. c, spatial
regulation of FtsZ polymerization in the cell. Both positive and negative reg-
ulators are spatially organized in the cell to focus the Z-ring. The concentra-
tions of regulators along the cell length are plotted, showing that destabiliz-
ing factors are located at the poles and over the chromosome, whereas
stabilizing factors are at the division plane. This schematic reflects the overall
spatial organization in E. coli and C. crescentus.

FIGURE 3. a, models of MreB polymer organization in vivo. The initial model
proposed that MreB polymers make up a cell-spanning helix. The updated
model suggests that disconnected polymers move circumferentially around
the rod-shaped cell; their motions are otherwise uncoordinated. Moving
MreB is shown as arrows. b, schematic of proteins involved in elongation.
MreB filaments bind to the membrane and interact with peptidoglycan syn-
thesis enzymes in the periplasm through transmembrane connector pro-
teins. Cell wall synthesis drives MreB motion, indicated by the red arrow.
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by conditions that increase polymer formation (37); they
appear when the cellular FtsZ levels are increased or when the
rate of GTP hydrolysis is reduced (38, 39). It is currently
thought that the Z-ring represents a productive divisome and
that the shorter spirals/arcs may be less stable Z-rings or inter-
mediates (40).

Filament organization within the Z-ring is still under debate
(Fig. 2b). Two contrasting models have resulted from multiple
studies using super-resolution microscopy and cryo-EM. One
model suggests that FtsZ forms a continuous ring of connected
filaments (39, 41). The other model holds that the Z-ring is
composed of short (50 –500 nm) filaments that are connected
by a few lateral contacts and are irregularly distributed around
the division plane (42– 44).

Z-rings are very dynamic, and their turnover is regulated by
GTP hydrolysis (45, 46). The halftime for turnover of filaments
in vivo (8 –11 s) is similar to that measured for filaments in vitro
(3.5–7 s) (40). Single molecule studies suggest that FtsZ mono-
mers within the Z-ring are frozen in position for at least 3– 4 s
(47). Combined, these results imply that each monomer is
immobile for a substantial fraction of its lifetime in the Z-ring.

How Accessory Factors Focus the Z-ring in Space

In vitro, FtsZ rapidly forms single-stranded filaments, 30 –50
subunits long (40). Although these properties seem to indicate
that FtsZ assembly is isodesmic (17), polymerization is in fact
cooperative; FtsZ monomers are first “activated” via GDP
release and subsequently dimerize to form a nucleus for poly-
merization (48). These results indicate that FtsZ filaments
alone should polymerize everywhere throughout the cyto-
plasm. Instead, cells create a precisely positioned and stable
ring at the membrane, indicating that the stability of FtsZ fila-
ments must be spatially regulated in the cell.

Bacteria position their Z-ring with remarkable precision,
within an error of 2.9% of the cell length in E. coli (49). A prop-
erly positioned Z-ring must fulfill two criteria. It should not
close around the nucleoid, and it should be positioned at the
mid-cell. Both tasks are accomplished by negative regulation of
polymerization. To avoid the nucleoid, bacteria use DNA-bind-
ing proteins, such as Noc and SlmA, that locally inhibit filament
formation (50) (Fig. 2c); Noc associates with both DNA and the
membrane to physically block Z-ring formation. SlmA antago-
nizes FtsZ polymerization, although its exact mechanism of
inhibition remains controversial (50).

For the second task of finding the middle of the cell, cells
create spatial gradients of depolymerizing factors: maximal at
the poles, minimal at mid-cell (Fig. 2c). These gradients can be
positioned in different ways. In Caulobacter crescentus, the
FtsZ inhibitor MipZ associates with ParB, which binds near the
origin of replication on the chromosome. Before replication,
MipZ is held only at one cell pole (51). As the DNA replicates,
one origin segregates to the opposing pole, whereas the other
remains in place. Positioning the MipZ maxima at poles creates
a bipolar gradient minimal at the mid-cell, where the Z-ring
forms (51). In contrast, in E. coli, the gradient establishes itself
using a reaction-diffusion system (52). This system has three
components. MinD is an ATPase that self-assembles on the
membrane and also binds the FtsZ depolymerizer MinC. MinE

promotes ATP hydrolysis by MinD, causing it to detach from
the membrane. Together, these activities cause all three com-
ponents to oscillate between cell poles, creating a time-aver-
aged minimum of MinC at mid-cell (53).

Reconstitutions of MinCDE and FtsZ in three-dimensional
cell-shaped compartments demonstrated that MinCDE
together form a time-averaged bipolar gradient, confining FtsZ
filaments to the middle region. Interestingly, this biochemical
system responds to its surrounding geometry, creating multiple
MinC minima in compartments of varying lengths (54). These
experiments show another result. Although confined, the fila-
ments within these minima do not form a focused Z-ring, indi-
cating that positive regulation is required for Z-ring formation.

Many proteins are known to stabilize FtsZ filaments (Fig. 2c).
FtsA, which itself can form filaments (55), is one of the few
proteins known to bring FtsZ to the membrane. In vitro recon-
stitutions have shown two effects of FtsA. First, it co-assembles
with FtsZ polymers onto membranes. Second, shortly after co-
assembly, FtsA destabilizes FtsZ, causing monomers to detach
from the filaments (56). These time-delayed properties cause
FtsZ filaments to “move” in linear paths by treadmilling along
the membrane as monomers remain immobile with respect to
the treadmilling filament (56).

Other membrane proteins, such as ZipA and ZapA, posi-
tively regulate FtsZ polymerization by reducing the rate of fila-
ment turnover. ZipA accomplishes this by promoting FtsZ
bundling, as shown by reconstitution on lipid bilayers (56). In
another study, ZapA-mediated bundling protected FtsZ from
the depolymerizing effects of MinC (57).

Other proteins modulate the superstructure of FtsZ fila-
ments. FzlA bends C. crescentus FtsZ into helical bundles, and
in doing so, might contribute to the constriction of the septum
(58). In B. subtilis, SepF makes rings and arcs that wrap around
FtsZ filaments (59), perhaps further anchoring FtsZ to the
membrane (60).

We are just beginning to explore the effects of each individ-
ual divisome protein on FtsZ filaments. Future in vitro studies
may reveal more complex behaviors when multiple regulators
are combined. Deconvoluting the complexity of the divisome
may be assisted by studying FtsZ dynamics in vivo in the
absence of each factor; this could also be done at different stages
of divisome maturation and Z-ring constriction.

How Does the Z-ring Divide the Cell?

It is not known which component of the cell division machin-
ery exerts the force required for division, but many models pro-
pose that it is FtsZ. Some models do not require a continuous
Z-ring around the cell.

One early suggestion was that a change in FtsZ filament cur-
vature upon GTP hydrolysis could pinch the cell (61). To test
whether this occurs in vitro, FtsZ was fused to a membrane
targeting sequence and encapsulated inside lipid tubes (62).
FtsZ rings formed within these tubes could slide along their
length. When sliding rings coalesced, they slightly constricted
the tubes (62). However, follow-up studies cast doubt on this
model because membrane deformations occurred even when
FtsZ could not hydrolyze GTP (63, 64).
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A second model proposes that FtsZ filaments are always
more curved than the membrane they bind to, regardless of
their nucleotide state. The repeated attachment of these short,
bent filaments would deform the membrane, and the iterative
local pinches could be coordinated by lateral interactions into a
cell-scale constriction. This model was supported by studies
showing that attachment of an artificial amphipathic helix to
either side of the bent filament could deform liposomes in
opposite directions (63).

A third model is that the ring constricts by contiguous fila-
ments sliding past each other, tightening like a coiling spring
(65, 66). This model relies on the idea that the Z-ring is com-
posed of long, continuous filaments. The energy driving con-
striction arises from increasing the number of lateral interac-
tions as the rings further condense (65, 66). This model was
supported by a recent cryo-EM study showing continuous rings
of FtsA/FtsZ filaments going around the entire septa of both
E. coli and C. crescentus (41). Additionally, FtsA and FtsZ con-
tained inside liposomes co-polymerized into filaments that
encircled the inner face of the membrane. These filaments lat-
erally associated, constricting the liposomes. The authors pro-
posed that membrane constriction is initiated by the formation
of a closed Z-ring and is continued by filaments sliding along
with ongoing FtsA/FtsZ co-polymerization.

A fourth, divergent model proposes that FtsZ filaments do
not exert force, but simply serve as a scaffold to localize the
cell wall enzymes to the septum. The enzymes could then
orient their synthesis inward to divide the cell. Although this
model is difficult to test, cell wall synthesis is required for cell
division as its inhibition via mutagenesis or antibiotics leads
to incomplete constriction (67). Furthermore, depletion of
an endopeptidase (dipM) in C. crescentus causes pre-existing
constrictions to relax, whereas FtsZ still remains at the divi-
sion site (68).

The two most frequently discussed models are 1) local bend-
ing by short filaments and 2) filament sliding within a continu-
ous ring. When considered individually at its conceptual
extreme, each model can be easily invalidated. For example,
recent work has suggested that FtsZ filaments may be too flex-
ible to bend membranes except at low surface tensions (69),
calling into question the local bending model. Evaluating the
other extreme, if filaments slide past each other, monomers
should move across the septum, yet in vivo they are immobile
(47).

These models need not be exclusive as the physical principles
underlying each model may work together to divide the cell.
The basis of the bending model is that membranes deform to
match filament curvature. The basis of the sliding model is that
increasing the lateral interactions induces constrictions (70). It
has recently been shown that local crowding of any membrane
protein, even GFP, can induce membrane deformation (71).
These two forces may work together. Membrane constriction
via local bending could be reinforced by lateral associations that
further deform the membrane.

There is a remaining “energetic difficulty” with the filament
sliding model (40). To add even one more lateral bond, the
filaments must break all existing lateral ones as they slide rela-
tive to each other. We suggest that this difficulty may be

resolved by the recent observation of FtsA/FtsZ treadmilling
(56). This may reduce the energetic barrier for filaments to
move relative to each other, increasing contacts via new growth
without breaking existing bonds.

We also suggest that a similar, multi-model view can be taken
regarding the filament structure within the Z-ring. It is possible
that different filament organizations exist at each stage of divi-
some maturation and constriction.

MreB, the Bacterial Problem Child

Although MreB has been extensively studied, we know very
little about the dynamics and cellular function of MreB fila-
ments. In concert with a small group of other proteins, MreB
both encodes and maintains the width (i.e. diameter) of rod-
shaped bacteria as they elongate (72). Initial in vivo observa-
tions painted a picture of MreB that persisted for a decade.
MreB was seen to form long, cell-spanning helices (6, 73) (Fig.
3a). These helices were proposed to localize the cell wall syn-
thesis enzymes, directing a helical pattern of cell wall growth
(74).

Although the overall MreB helices appeared mostly static in
Gram-negative bacteria, single molecule approaches in C. cres-
centus revealed that MreB monomers move linearly in both
directions around the cell, traveling a short distance before dis-
sociating (75). These motions, at the time, were attributed to
monomers treadmilling through short filaments within a static
helix. In B. subtilis, entire filaments were reported to move in
helical tracks around the cell, a motion also attributed to poly-
mer dynamics (76).

The observation of cell-spanning structures created by
this actin homolog suggested that it might have cytoskeletal
functions as well as a role in cell wall synthesis. It was pro-
posed that MreB, like actin, could function as a polymeriza-
tion motor to transport cargo (4) or segregate newly repli-
cated origins to the cell poles (77). MreB was also suggested
to organize not only the proteins involved in cell wall syn-
thesis, but many other unrelated proteins as well, as evi-
denced by co-localization and protein interaction studies
(reviewed in Ref. 78).

Although MreB is notoriously difficult to work with in vitro,
its assembly dynamics presented two features distinct from
actin. Both its nucleation and its polymerization are rapid (79,
80), first forming short filaments that later coalesce into large
bundles (81).

A series of recent findings has prompted a re-evaluation of
our understanding of nearly every aspect of MreB: 1) its bio-
chemical properties and assembly kinetics, 2) its in vivo struc-
ture and dynamics, and 3) its roles in the cell. This calls into
question whether any analogies can be made between this pro-
karyotic filament and its eukaryotic doppelgänger.

First, it was discovered that MreB polymerizes on mem-
branes, forming short, antiparallel filaments, rather than the
bundles that form in solution (16, 82). Not only does this find-
ing explain why previous in vitro studies were stymied by pro-
tein aggregation (83), it also indicates that the results from these
initial kinetic studies need to be reassessed.

Next, the “cell-spanning helix” was found to be an artifact. In
E. coli, N-terminal fluorescent fusions gave rise to the static
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MreB helices, which were revealed to be large bundles when
imaged by cryo-EM (84). When the fluorophore was moved
into an internal loop of MreB, no bundles were observed, and
filaments could be seen to move across the cell (85). Further
studies of MreB motion in B. subtilis indicated that MreB is a
series of disconnected filaments that move radially around the
cell circumference (86 – 88). These circumferential motions
were found to be driven not by polymer dynamics, but by cell
wall synthesis; they halt upon chemical inhibition or genetic
depletion of the cell wall synthesis enzymes (85– 87), which
themselves move around the cell in the same manner as MreB
(86, 87) (Fig. 3a).

Different lengths of MreB filaments in vivo have been
reported. One study described small “patches” (87) in B. subti-
lis, whereas another reported filaments up to 3 �m long (88).
These differences in length may arise from the expression level
of MreB, or perhaps from the oligomerization caused by fluo-
rescent fusions (see below). Although the length of MreB fila-
ments remains controversial, it has been shown that MreB fil-
aments are disconnected. Two different studies indicated no
coordination between filament motions along the cell length at
any resolvable scale (86, 89) (Fig. 3a).

Combined, these findings necessitate a reappraisal of the
roles of MreB in the cell. As MreB forms short (relative to the
cell length), uncoordinated filaments that move around
the cell width, MreB must create shape locally, rather than at
the cell-length scale. Furthermore, the other proposed cel-
lular functions of MreB require re-evaluation. 1) Such fila-
ments cannot spatially organize other cellular components
over long distances, and 2) their polymerization cannot be
harnessed to move cargo in the cell as they are extremely stable
(87) and lack structural polarity (a feature that rules out directed
filament growth) (16), and their cellular motions are driven by cell
wall synthesis, not by polymerization (86).

Regulation of MreB

As is the case with most biological filaments, the polymer-
ization of MreB appears to be regulated. In B. subtilis, MreB
filament association with the membrane is regulated via
Lipid II, the lipid-linked precursor for cell wall synthesis. If
Lipid II levels are decreased, filaments detach from the mem-
brane (90). Although the factors mediating this process (or
any other regulation) have not been identified, there are
many candidates given the long list of proteins reported to be
associated with MreB (78). However, many of these interac-
tions were assayed using fluorescence co-localization, often
with the artifactual MreB helix, and thus warrant re-exami-
nation. Furthermore, it was found that MreB is a common
contaminant in affinity pulldowns (91), indicating that many
interactions identified by immunoprecipitation or affinity
tags may also be suspect.

Like the divisome and FtsZ, proteins that interact with MreB,
including MreC, MreD, RodA, and RodZ (78), may regulate
filament levels. Of these, RodZ is an appealing regulatory can-
didate because its cytoplasmic domain has been crystallized
with MreB (92), and expression of this domain alone can par-
tially restore cell shape and MreB localization in rodZ-null cells
(93). Other candidates have been found, but require further

study. These include DapI, a cell wall synthesis enzyme in
B. subtilis that interacts with cytoplasmic MreB (91), and MbiA,
a protein in C. crescentus that affects cell shape by interacting
with MreB, although its biological function remains unknown
(94).

How Does MreB Define Cell Width?

It remains a mystery how this disconnected system of rotat-
ing filaments imparts a robust width to rod-shaped cells. These
filaments influence the insertion of cell wall locally, yet uni-
formly, over long distances, giving a constant radius along the
cell length.

Some studies have used MreB mutants to approach this
question. By examining C. crescentus with MreB mutated near
the ATP-binding site, Dye et al. (95) found that alterations in
MreB polymerization dynamics affect its cellular distribution,
which then affects the shape of the cell. One of these MreB
mutants created irregularly shaped cells, fat in some areas and
very thin in others. This mutant MreB preferentially localized
to the thinner regions of the cell, causing those areas to elongate
while the other regions bulged (96). This led to the proposal
that MreB filaments serve to maintain the cell radius, not to
encode it.

Any bends or defects in a growing rod-shaped bacterium
need to be straightened out. Two different studies have found
that MreB filaments localize to regions of negative curvature,
which are small “inward dimples” along the cell length (97), and
the inner (more curved) face of a sharply bent cell (98). Thus,
the MreB-mediated insertion of new cell wall material at these
areas would flatten out small local defects, or straighten bent
cells.

The Filaments Are Short, Disconnected, and Mobile. How
Is That a “Skeleton”?

Although actin and tubulin homologs are used by eukaryotes
and prokaryotes to accomplish similar tasks (e.g. cell shape
maintenance, cell division, and DNA segregation), they differ in
their filament structure, assembly kinetics, and spatial regula-
tion. Even among the prokaryotic filaments, there is a wide
diversity of properties, demonstrating that biology can solve
similar problems using many different strategies.

Eukaryotic and prokaryotic filaments also differ in the length
scales they coordinate. The eukaryotic cytoskeleton is a system
of interconnected fibers: a mechanically coherent structure
that is persistent over long distances, setting up a global cellular
coordinate system. In contrast, the most conserved bacterial
filaments of the prokaryotic cytoskeleton, MreB and FtsZ, con-
fer cell shape by locally influencing cell wall synthesis. These
filaments are short and disconnected (debated for FtsZ), and
thus cannot globally organize the cell. Moreover, recent studies
showed that protein localization patterns could be dramatically
altered by the fluorescent tag used (99, 100). In one study, con-
structs with 14 different fluorescent proteins fused to a com-
mon target (ClpXP) were compared, demonstrating that some
fusions induce clustering of soluble proteins. Given these wor-
risome findings, it will be interesting to see how organized bac-
terial cells really are.
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The BRCA1 tumor suppressor protein is a central constituent
of several distinct macromolecular protein complexes that exe-
cute homology-directed DNA damage repair and cell cycle
checkpoints. Recent years have borne witness to an exciting
phase of discovery at the basic molecular level for how this net-
work of DNA repair proteins acts to maintain genome stability
and suppress cancer. The clinical dividends of this investment
are now being realized with the approval of first-in-class BRCA-
targeted therapies for ovarian cancer and identification of
molecular events that determine responsiveness to these agents.
Further delineation of the basic science underlying BRCA net-
work function holds promise to maximally exploit genome
instability for hereditary and sporadic cancer therapy.

The breast cancer early-onset genes BRCA1 and BRCA2 were
discovered by positional cloning approaches in kindreds with a
high prevalence of breast and ovarian cancer. The initial lack of
clarity presented by the domain structure of the proteins was
remedied by a series of discoveries that revealed the proteins
biochemically interact in large nuclear foci in response to DNA
damage and are required to execute homology-directed DNA
repair and cell cycle checkpoints (1). These observations
strongly suggested that a common function in genome integrity
maintenance is necessary to suppress cancer. Subsequent
advances in protein purification and mass spectrometry meth-
odologies have led to the expansion of this concept with the
discovery that at least 13 different tumor suppressor proteins
interact with BRCA1 and BRCA2. Despite these striking simi-
larities, a linear model of BRCA-dependent DNA repair and
tumor suppression is challenged by multiple other observa-
tions, namely, only �5% of each protein exists in association
with the BRCA1-BRCA2 complex, and breast cancers occur-
ring in individuals with germ-line BRCA1 or BRCA2 mutations
typically display different histopathologies and gene expression
profiles. Coupled with the realization that chemoresistance
mechanisms in BRCA1 and BRCA2 mutant cancers also differ,
these features have inspired a network model relating BRCA
molecular function in DNA repair to tumor suppression. We

highlight recent insights into the BRCA tumor suppressor net-
work and stress the connections between basic molecular
knowledge of these proteins and their roles in genome integrity,
tumor suppression, and response to therapy.

Overview of BRCA1 Structure and Cancer Susceptibility

The BRCA1 protein has several definable structural domains
that suggest it uses modular and potentially cooperative inter-
actions to execute its DNA damage response (DDR)2 functions
(Fig. 1). The N-terminal RING (really interesting new gene)
domain enables E3 ubiquitin ligase activity through its interac-
tion with E2 enzymes. Clinical mutations to the RING domain
are associated with cancer susceptibility. However, knock-in of
a rationally designed BRCA1 RING mutant (I26A) that disrupts
interaction with E2 enzymes does not abrogate genome stabil-
ity or confer cancer predisposition in mice (2). Conversely, a
known clinical mutant (C61G) that also disrupts E3 activity
causes genome instability and cancer in mice (3). Complicating
interpretation of this phenotype as proof that BRCA1 E3 activ-
ity suppresses cancer is the confounding issue that the C61G
mutation disrupts RING architecture and association with
BARD1, a stoichiometric binding partner of BRCA1 (4). The
C61G mutation may impart cancer susceptibility by loss of E3
ligase activity, diminished BARD1 interaction, or a combina-
tion of these deleterious events.

Approximately 60% of the BRCA1 protein is composed of the
centrally located exon 11-encoded region. This poorly con-
served region lacks definitive domain elements or interacting
partners yet is required for full homologous recombination
(HR) and checkpoint function as well as tumor suppression (5,
6). Nonetheless, exon 11 mutations allow an in-frame splice
between exons 10 and 12 and the production of a partially active
protein that localizes to DNA damage sites. Downstream of
exon 11, BRCA1 harbors a coiled-coil region near its C termi-
nus that interacts with PALB2, which biochemically bridges
BRCA1 to BRCA2 in a tumor suppressor supercomplex (Fig. 1).
PALB2 mutations confer high-penetrance breast cancer phe-
notypes (7), similar to BRCA1 and BRCA2. C-terminal to this
region are the BRCA1 C-terminal (BRCT) repeats, which bind
to phosphopeptides. Mutually exclusive interactions with three
bona fide BRCT-interacting proteins allow segregation into at
least three different protein complexes. The distinct BRCA1-
containing complexes, which are discussed in detail below, are
thought to work together in response to double-strand breaks
(DSBs) (8). The BRCT domain of BRCA1 contributes to most of
its functional interaction with different protein complexes.
BRIP1, Abraxas, and CtIP all contain a consensus BRCT-inter-
acting motif (SXXF), which is phosphorylated at serine to medi-
ate the interaction (9, 10).

* This work was supported, in whole or in part, by National Institutes of Health
Grants CA138835 and CA17494 (to R. A. G.). This work was also supported
by the Abramson Family Cancer Research Institute and the Basser Research
Center for BRCA (to R. A. G.). The authors declare that they have no conflicts
of interest with the contents of this article.

1 To whom correspondence should be addressed. E-mail: rogergr@mail.
med.upenn.edu.

2 The abbreviations used are: DDR, DNA damage response; HR, homologous
recombination; BRCT, BRCA1 C-terminal; DSB, double-strand break; SUMO,
small ubiquitin-like modifier; FA, Fanconi anemia; ICL, interstrand cross-
link; PARPi, poly(ADP-ribose) polymerase inhibitor; SSB, single-strand
break; NHEJ, non-homologous end joining; pol �, DNA polymerase �.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 29, pp. 17724 –17732, July 17, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

17724 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 29 • JULY 17, 2015

MINIREVIEW



Connecting BRCA Network Biochemistry to the DDR

BARD1 has a similar domain structure to BRCA1, with an
N-terminal RING domain and BRCT repeats. Unlike BRCA1,
the BARD1 RING domain does not interact with E2 enzymes,
and its BRCT repeats do not bind phosphopeptides. The stoi-
chiometric interaction between BRCA1 and BARD1 instead
provides stability to both proteins, enhances DNA damage site
recognition, and increases BRCA1 E3 ubiquitin ligase activity in
vitro. The BRCA1-BARD1 RING domains ubiquitylate histone
H2A in vitro and in vivo at Lys127–129 (11), although the rela-
tionship of this activity to DNA repair is unknown. The crystal
structure of the most similar E3 ubiquitin ligase heterodimer
(Ring1B/Bmi1) bound to a nucleosome suggests a possible
mode for how BRCA1-BARD1 could directly interact with
nucleosomes. A high level of conservation shared between the
Ring1B nucleosome-binding loop and the corresponding
BRCA1 region predicts that BRCA1 targets to Lys127–129 by
binding to a nucleosomal H2A-H2B acidic patch using its own
basic residues within the nucleosome-binding loop (12). It will
thus be interesting to understand how BRCA1 ubiquitinates
different lysines on H2A than Ring1B/Bmi1 and how Lys127–129

ubiquitination contributes to BRCA1 function.
The BARD1 BRCT repeats were reported to interact with

poly(ADP) ribose (13) and more recently to specifically recog-
nize histone H3 dimethylated at Lys9 (H3K9me2) through its
interaction with HP1 proteins.14 This interaction was reported
to anchor BRCA1-BARD1 at DNA damage sites (14). Geneti-
cally, the BRCA1-BARD1 interaction is unique in the BRCA1
network in that it appears to be necessary for the majority of
BRCA1 in vivo function. BARD1 deficiency fully recapitulates
BRCA1 nullizygosity, with Bard1 knock-outs displaying
embryonic lethality, genome instability, and cancer susceptibil-
ity (15, 16).

Abraxas resides in a five-member complex (RAP80, Abraxas,
MERIT40, BRCC45, and BRCC36) that preferentially binds to
Lys63-linked ubiquitin through the RAP80 tandem ubiquitin-
interacting motifs. The finding that BRCA1-RAP80 interaction
is required for focus formation first implicated non-degradative
ubiquitin as a DNA damage recognition platform during DSB
signaling (17–19). DSB ubiquitination occurs as a result of a
�H2AX-initiated signaling cascade that recruits RNF168 to

perform large-scale DSB chromatin ubiquitination at H2A
Lys13 and Lys15 (20). Several other DDR proteins rely on
RNF168 E3 activity for DSB localization, including 53BP1,
which is a specific reader of the H2A Lys15-ubiquitin mark (21).
In addition to ubiquitin, SUMOylation also contributes to
BRCA1 DSB recruitment. RAP80 contains SUMO-interacting
motifs N-terminal to its tandem ubiquitin-interacting motifs
and shows �80-fold higher affinity for hybrid SUMO-ubiquitin
chains than Lys63-linked ubiquitin alone, suggesting a mixed
SUMO-ubiquitin targeting signal (22). The RAP80 complex
specifically deubiquitinates the Lys63-ubiquitin chains through
the actions of its associated Zn2�-dependent deubiquitinating
enzyme, BRCC36. Unresolved questions remain as to whether
deubiquitinating enzyme activity serves to terminate DNA
damage association by removing the Lys63-ubiquitin recogni-
tion signal for RAP80 or, alternatively, in a ubiquitin-editing
capacity, whereby it removes Lys63-ubiquitin, thus allowing
accumulation of either monoubiquitin or other ubiquitin
topologies that have been reported at DSBs (23). That loss of
any member of the RAP80 complex eliminates observable
BRCA1 focus formation at DSBs raises the question of whether
the RAP80 complex accounts for BRCA1 function in HR. Inter-
estingly, loss of RAP80 leads to over-resection and increased
sister chromatid exchanges in response to DSB-inducing
agents, indicating that the RAP80 complex is required to fine-
tune the HR efficiency by controlling the resection level (24,
25).

In contrast to the embryonic lethality of Brca1 knock-out
mice, Rap80, Abraxas, or Merit40 knock-out mice are viable
and do not exhibit apparent developmental defects (26 –29).
Indeed, Rap80 was recently shown to target BRCA1 to chroma-
tin regions that are �1 kb from break sites and to affect check-
point responses and not DSB repair (30). Despite this relatively
mild DNA repair phenotype, germ-line mutations exist in
RAP80 and Abraxas in familial breast cancer, and numerous
somatic mutations are observed in all members of the complex
(28, 31, 32). Moreover, Rap80 and Abraxas knock-out mice are
tumor-prone, with �20% of mice developing lymphomas at 1
year of age (26 –28). These observations are consistent with the
concept that complete loss of BRCA function in the DDR is not
necessary for cancer susceptibility.
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BRIP1 (also known as BACH1/FANCJ) was first cloned and
identified as a putative DNA helicase protein interacting with
the BRCT domain of BRCA1 (33). Phosphorylation at Ser990 of
BRIP1 allows its interaction with the BRCA1 BRCT repeats (9).
BRIP1-deficient cells show reduced HR efficiency in the pDR-
GFP assay (35). Interestingly, BRIP1 contributes to the DNA
cross-link repair pathway independent of its interaction with
BRCA1 (36). BRIP1 deficiency causes severe DNA cross-link
sensitivity, and BRIP1 is biallelically mutated in Fanconi anemia
(FA). However, loss of interaction with BRCA1 does not confer
sensitivity to DNA interstrand cross-link (ICL) inducing agent
mitomycin C (36, 37). Instead, this is thought to affect a balance
between HR and translesion synthesis at cross-links. BRIP1 has
bona fide in vitro helicase activity and resolves G-quadraplex
structures with 5�–3� polarity. Concordant with this in vitro
specificity, both Caenorhabditis elegans and human cells defi-
cient in BRIP1 show loss of repetitive G-rich DNA and telomere
abnormalities (38, 39). However, whether BRIP1 helicase activ-
ity contributes to maintenance of GC-rich regions through its
association with BRCA1 remains an unresolved question.

CtIP (also known as RBBP8) interacts with the Mre11-
Rad50-Nbs1 complex and stimulates its nuclease activity, in
turn mediating end resection in the S and G2 phases of the cell
cycle, which initiate HR (40). The interaction between CtIP and
BRCA1 depends on cyclin-dependent kinase phosphorylation
at Ser327. Knock-in of the human phospho-deficient Ctip
mutant S327A (equivalent to Ser326 in mice) revealed no impact
on resection in chicken and mouse cells and is not essential for
resection-mediated repair, tumor suppression, or viability (41–
43). Although BRCA1-CtIP interaction is not required for end
resection, it enhances the speed of this process (44). Therefore,
BRCA1 might interact with CtIP to ensure optimum end resec-
tion timing, a subtlety that may not be easily detected by other
assays. Similarly, Palb2 knock-in mice that disrupt interaction
with BRCA1 have been generated. In contrast to either Brca1 or
Palb2 knock-out mice, these Palb2 mutants are viable, indicat-
ing that although the interaction between BRCA1 and PALB2
contributes to HR, either protein is largely functional in the
absence of this interaction (45). This again signifies that inter-
action with BRCA1 is not equivalent to function and, together
with data showing that disruption of BRCA1-BRIP1 also does
not recapitulate knock-out phenotypes, suggests caution when
interpreting the importance of BRCA1 protein-protein interac-
tions. Guilt by association is clearly an oversimplification.

Transcription Influences DNA Damage Recognition by
BRCA1 Complexes

Questions remain as to where in the genome the BRCA1
network executes its DDR functions. Recent reports reveal
strong connections between BRCA1 genome integrity mainte-
nance and transcription. BRCA1 forms a complex with the
mRNA-splicing machinery in a DNA damage-dependent man-
ner to regulate pre-mRNA splicing of genes involved in DNA
damage signaling (46). BRCA1 has also been shown to partici-
pate in transcription-associated damage control, where it func-
tions at stalled or defective transcription sites to assist tran-
scription restart and resolve RNA-DNA hybrids (R-loop) that
are known to promote DSB formation (47). This link to tran-

scription is buttressed by the finding that BRCA1, PALB2, and
other HR proteins co-reside at transcriptionally active regions
throughout the genome (48 –50). Moreover, active transcrip-
tion has been directly implicated in BRCA1 targeting to DNA
damage sites, revealing RNA- and transcription-associated
chromatin modifications in BRCA1 DNA damage recognition
and repair. In support of this assertion, disruption of BRCA1
interaction with senataxin leads to R-loop-driven DNA damage
(51). BRCA2 also prevents R-loop accumulation to prevent
transcriptional stress (52), implicating R-loop stability as a
common mechanism for both proteins to maintain genome sta-
bility. These data also raise the intriguing possibility that the
transcriptional profile of a cell could influence genome instabil-
ity in the context of BRCA deficiency. Perhaps this could play a
role in tissue specificity of its tumor suppression.

Multifactorial Responses of the BRCA Network to
Replication Stress

PALB2 bridges the interaction between BRCA1 and BRCA2.
The BRCA1-BRCA2-PALB2 complex promotes RAD51
nucleofilament formation, thus initiating homology-directed
repair (53). It has more recently become apparent that BRCA1
and BRCA2 also participate in replication fork protection and
restart. BRCA2 was found to prevent degradation of nascent
strands at stalled replication forks by MRE11, and the C-termi-
nal site of BRCA2 is critical for replication fork protection (54,
55). BRCA1 also contributes to fork protection in a similar
manner to BRCA2, suggesting that BRCA1-BRCA2-PALB2
maintains genome stability by contributing to both HR and
replication fork maintenance (56).

These concerted activities are interesting in light of the
hypothesis that genome instability in BRCA-deficient cells
arises primarily in S phase as a consequence of replication
stress. By adapting the bacterial replication terminator Tus-Ter
complex to induce site-specific replication fork stalling in
mouse cells, it was shown that both the tandem BRCT repeats
and exon 11 regions of BRCA1 are required for HR at stalled
replication forks in mammalian cells (57). BRCA1 also regulates
multiple aspects of replication to promote ICL repair indepen-
dent of RAD51 nucleofilament formation. Studies using Xeno-
pus egg extracts revealed that BRCA1, possibly through its
interaction with RAP80, is required to unload the replicative
Cdc45-MCM-GINS helicase complex when bidirectional rep-
lication forks collide with an ICL (58), thus affording access to
cross-link recognition proteins. These data are in agreement
with genetic studies implicating BRCA1 in early stages of ICL
repair that occur prior to HR.

Consistent with replication stress being the limiting aspect of
BRCA1 genome integrity control, primary mammary epithelial
cells from patients with heterozygous BRCA1 or PALB2 status
experience higher replication stress compared with cells with
two wild-type copies of either gene (59, 60). Conversely, other
BRCA1 functions in DSB repair and checkpoint activation are
proficient in BRCA1mut/� cells (60). This observation supports
the hypothesis that BRCA haploinsufficiency in resolving rep-
lication stress might contribute to high risk of cancer in muta-
tion carriers. Genetically engineered mouse models of pancre-
atic and ovarian cancer are consistent with this hypothesis, as
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BRCA1 or BRCA2 heterozygosity accelerated tumor formation
in both instances (61, 62).

FA Provides a Window into Dysfunction of the BRCA
Network

FA is a rare hereditary syndrome characterized by develop-
mental defects, progressive bone marrow failure, and cancer
susceptibility and is associated with DNA cross-link repair defi-
ciency and sensitivity to endogenous aldehydes (63). In contrast
to heterozygous mutations that cause hereditary breast and
ovarian cancer, FA requires biallelic mutations within a net-
work of 17 genes dedicated to DNA cross-link repair. Muta-
tions within several members of the BRCA1 network are caus-
ative for FA. BRCA2 (FANCD1) and PALB2 (FANCN) interact
with the BRCA1 coiled-coil domains, whereas BRIP1 (FANCJ)
interacts with the BRCA1 BRCT repeats (Fig. 1). More recently,
two patients have been identified with missense mutations
(R1699W and V1736A) within the first BRCA1 BRCT domain
and a FA-like syndrome, establishing BRCA1 as a Fanconi gene
(FANCS) (64, 65). Both patients had one allele with a missense
mutation in BRCT repeats and another deleterious mutation in
either exon 10 or 11. Patient-derived BRCA1/FANCS cells were
obtained and found to have reduced BRCA1 BRCT interac-
tions, diminished RAD51 focus formation, and mitomycin C
and poly(ADP-ribose) polymerase inhibitor (PARPi) hypersen-
sitivity, in contrast to a sibling control, who had only one
mutated BRCA1 allele (65). These findings thus mimic the clin-
ical context of a biallelically mutant tumor and heterozygous
patient. Indeed, BRCA mutant tumors are hypersensitive to
platinum salts or PARPi, whereas increased systemic toxicity in
noncancerous tissues is not seen in BRCA carriers.

Comparison of FA phenotypes derived from mutations to
different genes within the BRCA network has also been illumi-
nating (66). BRCA2/FANCD1 and PALB2/FANCN patients dis-
played bone marrow failure and severe FA phenotypes associ-
ated with solid tumors outside of the typical BRCA spectrum,
including Wilms tumor and medulloblastoma. BRIP1 FA
patients displayed bone marrow failure and leukemia. In con-
trast, neither of the BRCA1/FANCS patients developed sponta-
neous bone marrow failure, and both maintained breast or
ovarian cancer predilection, with early-onset ovarian cancer at
age 28 and breast cancer at age 23. The difference in patient
phenotype is especially interesting in relation to BRIP1/FANCJ,
as both BRCA1/FANCS patient mutations occurred in the
BRCT region and disrupted the BRCA1-BRIP1 interaction. The
BRCT BRCA1/FANCS mutations also abrogated interaction
with CtIP and the RAP80 complex, possibly accounting for
these differences. In addition, it is clear that BRIP1/FANCJ has
many BRCA1-independent activities.

Determinants of Synthetic Lethality with Dysfunction of
the BRCA Network

PARPs are highly abundant proteins that are responsible for
poly(ADP-ribosylation) during the DDR. PARP1/2 can bind to
DNA single-strand breaks (SSBs) and facilitate resolution of
these lesions. Collision of active replication forks with SSBs in S
phase is thought to lead to one-sided DSBs that necessitate
BRCA-RAD51-mediated HR for repair (see Fig. 3). Indeed,

landmark studies showed that PARPi is synthetic lethal in the
context of BRCA deficiency, ushering in a new era of targeted
therapy for patients with mutant BRCA (67, 68). PARPi (olapa-
rib, trade name Lynparza) was been rapidly translated to the
clinic, with successful phase I (69) and phase II (70 –72) clinical
trials leading to Food and Drug Administration approval in
December 2014 for advanced mutant BRCA ovarian cancer.
However, resistance mechanisms for PARPi treatment have
arisen in patients and in the laboratory setting in cells exposed
to chronic PARPi, indicating that a more thorough understand-
ing of resistance mechanisms and alternative targets is needed.

PARP recognizes SSBs and exerts its function by autoribosy-
lation and by poly(ADP-ribose)-dependent recruitment of
other DNA repair proteins. Negatively charged ADP-ribose
polymers facilitate dissociation of PARP1 from the DNA. In
turn, PARPi traps PARP1/2 on DNA, leading to the generation
of trapped PARP-DNA complexes, which are thought to be
more cytotoxic than unrepaired SSBs (73, 74). It is likely that
trapped PARP-DNA complexes create cytotoxic complexes
when encountered by replication forks, increasing the burden
on HR protein to fully resolve the lesions (see Fig. 3). This pro-
posed mechanism is supported by the observation that the abil-
ity of PARPi to trap PARP-DNA complexes correlates with its
effectiveness in killing BRCA-deficient cells (73).

Resistance Mechanisms to PARP Inhibition

HR proficiency is a key determinant of cellular sensitivity to
PARPi. This indicates that restoring HR capacity would pro-
duce PARPi resistance. Indeed, genetic reversion of mutant
BRCA1 or BRCA2 has been found in human tumors. Secondary
mutations that restore reading frames lead to generation of par-
tially functional BRCA proteins and render these cells HR-pro-
ficient and resistant to PARPi or cisplatin (75, 76). A reported
46.2% of platinum-resistant recurrences have secondary muta-
tions restoring BRCA1/2 (77), indicating that genetic reversion
is a common resistance mechanism.

Competition between repair pathways also appears to be a
key determinant of PARPi sensitivity (Figs. 2 and 3). Loss of
53BP1 suppresses embryonic lethality, HR deficiency, and
PARPi hypersensitivity in BRCA1 knock-out mice (78, 79).
Remarkably, double knock-out mice are also not cancer-prone,
firmly connecting loss of HR to BRCA1 cancer susceptibility
(80). A putative mechanism underlying this observation is that
53BP1 blocks end resection in BRCA1-deficient cells and pro-
motes toxic non-homologous end joining (NHEJ) in S phase
(Fig. 3). In turn, loss of 53BP1 renders these cells HR-proficient
in the absence of BRCA1 by permitting excessive single-
stranded DNA, the initial substrate of RAD51-dependent HR
(78). Similarly, deficiencies in several 53BP1-interacting part-
ners (RIF1, PTIP, REV7, and Artemis) participate in blocking
end resection. Loss of these four effector proteins also pro-
motes PARPi resistance to varying extents in BRCA1 mutant
cells (81– 84). So how is this competition between the BRCA1
and 53BP1 networks regulated? The cell cycle seems to be a key
determinant, with BRCA1 exclusion from foci in G1, whereas
RIF1 and PTIP have limited association with damage-induced
53BP1 foci in S/G2, when HR is favored. Acetylation also
appears to play a role in this balance, in part through reducing
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53BP1 affinity for histone H4 tails containing methylated Lys20

(48, 85).

Novel Targets for BRCA Network Dysfunctional Cancers

Given the numerous possibilities of acquired PARPi resis-
tance, it would be prudent to develop alternative strategies that
selectively kill BRCA mutant cells. An attractive target is the HR
protein RAD52, which is synthetically lethal with combined
deficiency in BRCA1, PALB2, or BRCA2 (86, 87). RAD52 was
proposed to execute alternative repair pathways that perform

RAD51-mediated HR independent of the BRCA1-BRCA2-
PALB2 complex. Alternatively, RAD52 is also known to cata-
lyze the process of single-strand annealing and may function in
a salvage pathway in the absence of BRCA proteins (88). A sec-
ond exciting potential target to selectively treat HR-deficient
cancers is DNA polymerase � (pol �), which mediates error-
prone alternative NHEJ (also called microhomology-mediated
end joining) (89 –92). pol � promotes microhomology-
mediated end joining and restricts RAD51-mediated recombi-
nation. Combined FANCD2 and pol � nullizygosity produces
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embryonic lethality in mice, and loss of pol � in BRCA1- or
BRCA2-deficient cells results in significantly reduced plating
efficiency, indicating a synthetic lethal relationship with HR
deficiency (90, 91). Both pol � and RAD52 are up-regulated in
HR-deficient cancers and are potentially druggable targets.
Although the clinical utility of such agents is to be ascertained,
it would be interesting and feasible to determine whether
RAD52 or pol � inhibition restores PARPi sensitivity in BRCA1
and 53BP1 double-mutant cells. If either of these modalities is
toxic to double knock-out cells, they may potentially be used to
reverse the resistance of BRCA1 mutant cancers to PARPi.

Elevated replication stress is frequently experienced in rap-
idly replicating cancer cells, particularly in those experiencing
HR deficiency. Inhibition of replication stress-activated kinase
ATR or Chk1 sensitizes ovarian cancer cells with defective HR
to commonly used chemotherapy agents, and ATR and Chk1
inhibition sensitizes BRCA mutant cancer cells (93). In a possi-
ble example of proof of concept, Chk1 inhibition caused syn-
thetic lethality with Mre11-Rad50-Nbs1 mutation and showed
a curative clinical response in a tumor harboring a Rad50 muta-
tion (94).

Concluding Thoughts

The past 5 years has brought forward a revolutionary
increase in the basic understanding of BRCA molecular func-
tion in the DDR, the first clinically approved therapies to selec-
tively treat BRCA mutant cancers, and a host of resistance
mechanisms that connect restoration of HR to therapeutic
response. Still, there are many questions remaining. As detailed
above, most BRCA1 protein-protein interactions do not satis-
factorily explain the roles of BRCA1 in DNA repair or tumor
suppression. This in part relates to a lack of knowledge regard-
ing how BRCA1 functions in DNA repair. In stark contrast to
seminal studies describing BRCA2-dependent RAD51 nucleo-
filament formation by displacement of replication protein A
(34), meaningful in vitro assays to dissect BRCA1 repair func-
tion have not been reported. The development of such
approaches would represent an important advance because it
remains a matter of debate as to whether the primary function
of BRCA1 resides in its ability to promote DNA repair transac-
tions or to act as a competitor of 53BP1 in counteracting toxic
NHEJ. Close links between basic discovery and clinical obser-
vations should help resolve these questions and pose new and
unanticipated issues. They should also continue to enable
translation of new and existing therapies and further refine our
knowledge of the BRCA1 tumor suppressor network.
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This seventh Metals in Biology Thematic Series deals with the
metal-based interactions of mammalian hosts with pathogens.
Both pathogens and hosts have complex regulatory systems for
metal homeostasis. Understanding these provides strategies for
fighting pathogens, either by excluding essential metals from
the microbes, by delivery of excess metals to cause toxicity, or by
complexing metals in microorganisms. Intervention is possible
by delivery of complexing reagents or by targeting the microbial
regulatory apparatus.

This, the seventh in the Metals in Biology Thematic Series
(1– 6), is focused on metals in host-pathogen interactions. In
the way of a general introduction, it is important to reiterate
that biochemistry is not just about proteins, lipids, carbohy-
drates, and nucleic acids. One estimate is that 40% of the pro-
teins crystallized to date have a metal bound somewhere
thought to be relevant to function (7). In the world of micronu-
trient biochemistry, it has long been known that Na, K, Mg, Ca,
V, Cr, Mn, Fe, Co, Cu, Zn, Se, and Mo are critical to mammals
(although a role for Cr in glucose tolerance is still unclear).
Toxicologists have known since the time of ancient Greece (8)
that metals can be toxic (e.g. Pb), and a list of potentially toxic
metals would include As, Be, Cd, Cr, Pb, Hg, Ni, Fe, Cu, Mg, Mn,
Mo, Se, Al, Bi, Ga, Au, Li, Pt, Sb, Ba, In, Ag, Te, Th, Se, Ti, U, and
V (9). Of course, the reader will note that some of these are also
essential. The fact is that, as all toxicologists know, the dose
makes the poison (8), and chemicals, including metals, can be
both beneficial and toxic, depending upon the dose, as well as
the form they are in. For instance, the free levels of metals such
as Fe and Cu are kept extremely low in cells.

This Thematic Series deals with how metals are involved in
disease, from a number of aspects, both detrimental and bene-
ficial to the host. Thus, both mammals and pathogens are uti-
lizing metals in this war between them at the host-pathogen
interface. The practical goal is to understand these interactions
and manipulate them to the benefit of the hosts, i.e. animals and
humans. Accordingly, eight Minireviews are included, dealing
with aspects of this conflict with pathogens.

The first Minireview, by Garcia-Santamarina and Thiele
(10), deals with Cu and fungal pathogenesis. Fungi have

enzymes they use in Cu transport and homeostasis. However,
mammalian hosts have the ability to mount antifungal
responses through the accumulation of toxic Cu within the
phagolysosomes of their innate immune cells and to limit Cu in
other infectious niches such as the brain. The authors propose
that chemical modulation of fungal Cu homeostasis is a possi-
ble strategy in treating infection.

The second Minireview in the Thematic Series also deals
with Cu, as well as Zn, in the context of innate immune defense
against bacterial pathogens. Djoko et al. (11) discuss the toxicity
of Cu and Zn to bacteria. As in the first Minireview with fungi
(10), attenuation of bacterial metal detoxification systems
reduces the infectivity of a number of bacteria, and many of the
involved biochemical systems are now understood in some
detail.

The third Minireview, by Darwin (12), also deals with aspects
of Cu and a specific bacterium, Mycobacterium tuberculosis.
Transporters and regulatory proteins in the organism have
been characterized and are reviewed. As in the first two Mini-
reviews in the Thematic Series, there is potential for metal-
based intervention in an infectious disease.

Our fourth Minireview, by Koh and Henderson, also deals
with Cu and infection (13). Siderophores have long been known
in microorganisms, mainly characterized by Fe binding. How-
ever, multiple Cu-binding siderophores have been character-
ized in pathogenic Escherichia coli. These siderophores are pro-
tective, in general, acting as Cu scavengers, and can act as a
countermeasure against superoxide-based host defenses.

The fifth Minireview in the Series, by Schmidt (14), deals
with another transition metal, Fe. The protein hepcidin was
originally characterized for its antimicrobial activity. Hepcidin,
which plays a critical role in Fe homeostasis, is up-regulated by
Fe, by inflammation, and by infection with pathogens. Some of
the mechanisms of regulation of hepcidin expression are dis-
cussed. Hepcidin is accepted to be a master regulator of verte-
brate Fe metabolism and homeostasis, and expression allows
for sufficient concentrations of Fe to be made available for the
host but leads to sequestration of this metal from infectious
pathogens.

The sixth article in the Series, by Wessling-Resnick (15), dis-
cusses Fe and Mn during the course of infection. Nramp1,
Nramp2, and other Fe and Mn (and Zn) transporters function
in infected mammalian hosts to protect them. The overall strat-
egy is one of nutritional warfare, that of starving the invading
pathogen of essential elements.

The seventh Minireview in this Series, by Zackular et al. (16),
continues the concept of nutritional deprivation of pathogens
as a host strategy. S100 proteins are secreted proteins, highly
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regulated. During infection, they act to sequester Zn and Cu
ions, as well as Mn. Thus, these proteins can be involved in
pro-inflammatory and anti-inflammatory responses.

Our eighth and final Minireview, by Wareham et al. (17)
involves a different perspective, that of antimicrobial agents
that act by releasing carbon monoxide to complex metals and
kill microorganisms. The CO is contained in metal clusters that
target microbes and then release the CO. Not only are microbial
hemoproteins targets, but so are bacterial NO synthases, heme
oxygenases, and other enzymes.

In summary, we see a wide variety of metal-based interac-
tions between pathogens and their hosts. In some cases the host
strategy is to deplete a metal in the pathogen, whereas in others
it is to overload it with a toxic level. The considerable impor-
tance of metal to the outcome of the host-pathogen interaction
underscores the potential value of manipulating these systems
in an effort to develop new intervention strategies for the treat-
ment of infectious diseases.

We hope that you will enjoy reading these Minireviews and
learn some new things about this field. The next Metals in Biol-
ogy Thematic Series will feature Fe(II)/�-ketoglutarate-depen-
dent dioxygenases and is scheduled to be published later this
year.

Author Contributions—F. P. G wrote the manuscript.
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Fungal infections are responsible for millions of human
deaths annually. Copper, an essential but toxic trace element,
plays an important role at the host-pathogen axis during infec-
tion. In this review, we describe how the host uses either Cu
compartmentalization within innate immune cells or Cu
sequestration in other infected host niches such as in the brain
to combat fungal infections. We explore Cu toxicity mecha-
nisms and the Cu homeostasis machinery that fungal pathogens
bring into play to succeed in establishing an infection. Finally,
we address recent approaches that manipulate Cu-dependent
processes at the host-pathogen axis for antifungal drug
development.

Of the �5 million fungal species predicted to exist on Earth,
only a few are currently known to infect humans and cause
disease (Table 1) (1, 2). However, infection by fungal pathogens
can often lead to serious disease and lethality in humans. For
example, the toll on humans as a consequence of infection by
the fungal pathogen Cryptococcus neoformans exceeds that of
infection with Mycobacterium tuberculosis, the causative agent
of tuberculosis (3). Fungal pathogens are represented by diverse
members of the fungal kingdom that have distinct lifestyles out-
side of the host and cause infections in different niches within
the human host. Consequently, fungal pathogens must be able
to cope with a range of conditions both in their environmental
reservoir and in distinct tissues within the host. For example,
the ability of fungal pathogens to thrive at different tempera-
tures and distinct pH, to colonize different surfaces, and to
thrive under varying conditions of nutritional limitation is key
to their virulence. The immune system is typically capable of
controlling commensal fungi or those acquired from the envi-
ronment. However, the rise in the number of immunocompro-
mised individuals due to HIV-AIDS, or in an immunosup-
pressed state due to diabetes or as an organ transplant recipient,
has placed an increasing number of individuals at risk for life-
threatening fungal infections (4).

Unfortunately, current therapies used to combat fungal
infections are quite limited in scope and efficacy (5). There are

three major classes of antifungal drugs in use in the clinic: the
polyenes, which weaken the fungal membrane by binding to
ergosterol (6); the azoles, which target the ERG11 gene product,
an intermediate step in the ergosterol biosynthetic pathway (7);
and the echinocandins, which inhibit the enzyme �-1,3-glucan
synthase and consequently perturb the synthesis of glucan in
the cell wall (8) (Table 1). The efficacy of these compounds is
limited; some fungi are intrinsically resistant or have developed
resistance over time. Moreover, although antifungals target
components that are uniquely fungal, host toxicity is an issue,
principally with the polyene class of antifungals. Although
azoles are better tolerated, they are fungistatic and are known to
interfere with the metabolism of other drugs by inhibiting spe-
cific host cytochrome P450 enzymes. Although echinocandins
have broad spectrum antifungal activity against Candida spp.,
they are of limited utility for other fungi such as Cryptococcus
spp. The development of novel drugs to treat fungal infections
has been challenging, particularly because fungal pathogens are
eukaryotes that share many of the same biological processes,
enzymes, and structural components with their mammalian
hosts (9). However, a detailed understanding of the molecular
mechanisms underlying the interactions between fungal patho-
gens and the host during infection can lead to new approaches
for antifungal drug development. Here we discuss the roles of
the essential trace element Cu at the host-pathogen axis, and
how the manipulation of the chemistry of Cu may lead to more
potent antifungal strategies. Previous reviews in the field have
comprehensively summarized the mechanisms for Cu homeo-
stasis in fungi and mammals (10 –13), as well as the role of Cu in
bacterial pathogenesis (14 –17).

Based on the ability of Cu to cycle between reduced (Cu�)
and oxidized (Cu2�) states, Cu is an essential trace element for
virtually all organisms. Cu serves as a cofactor for enzymes that
generate ATP and mature hormones, function in neurotrans-
mitter biogenesis and disproportionation of superoxide anion,
and pump Fe across membranes into the periphery (18). How-
ever, Cu accumulation beyond homeostatic levels is highly
toxic in bacterial cells, fungi, and mammals. Indeed, Cu in one
form or another has been used through the ages as a potent
antimicrobial agent. Early civilizations used Cu to sterilize
water and treat wounds, and in more recent times, workers in
Cu smelting plants were protected from 19th century cholera
epidemics (19, 20). Cu is the active ingredient of Bordeaux and
Burgundy mixtures, used as a vineyard fungicide in the late
1800s (21). Currently, Cu is used as an antimicrobial surface in
veterinary and healthcare settings, where studies have shown a
reduction in nosocomial infection in hospitals that have imple-
mented the use of Cu surfaces on doorknobs, handrails, and
other surfaces (22, 23).

In general, with respect to nutrients that are essential for the
growth and proliferation of microbial pathogens, the term
“nutritional immunity” has been coined to indicate the diverse
mechanisms by which the host restricts nutrient availability to
limit microbial proliferation (24). The host restriction of metals
such as Fe, Zn, and Ca, away from microbial pathogens, has
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been clearly established, and these mechanisms are under
investigation. In turn, microbial pathogens have mounted
sophisticated responses to host metal restriction to counter
these measures and successfully compete for metals (24, 25).
In contrast to other trace elements, work over the past dec-
ade demonstrates that host innate immune cells concentrate
Cu in the vicinity of invading pathogens, as a means to
exploit Cu toxicity and enhance microbial killing (16, 26).
Moreover, for C. neoformans, and perhaps other fungal
pathogens, hosts use both Cu compartmentalization and Cu
sequestration, in distinct infectious niches, to subjugate
pathogenesis (27, 28).

Cu Homeostasis in Fungal Pathogens: An Overview

As Cu is an essential trace element with toxic properties,
eukaryotic organisms from fungi to humans possess highly
orchestrated mechanisms to acquire, distribute, sequester,
export, and regulate Cu to provide sufficient Cu for biological
processes while preventing Cu toxicity that occurs beyond
homeostatic regulatory capabilities. Drawing from mecha-
nisms garnered from studies of Cu homeostasis in model non-

pathogenic fungal systems such as Saccharomyces cerevisiae
and Schizosaccharomyces pombe, and more recent experimen-
tal work in C. neoformans and Candida albicans, we present a
current picture of the Cu homeostasis mechanisms in the
human pathogens C. neoformans and C. albicans (Fig. 1). Extra-
cellular Cu is imported into C. neoformans as Cu�, via the con-
certed action of cell surface Cu2� metalloreductases, and the
functionally redundant, plasma membrane high affinity Cu�

importers, Ctr1 and Ctr4 (29). Intracellular Cu� is bound to Cu
chaperones and putative small ligands, which through protein-
protein interactions or protein-ligand interactions drive a ther-
modynamic affinity gradient that allows Cu to be distributed to
distinct and specific compartments and proteins where it is
required, thereby minimizing the presence of potentially toxic
labile Cu ions (30). These duties are carried out by CCS (Cu
chaperone for Cu,Zn-superoxide dismutase) (31) or Atx1
(which carries Cu to the Cu�-transporting ATPases that pump
Cu into the secretory compartment where it is loaded onto
proteins such as laccase (melanin biosynthesis) or the high
affinity Fe uptake oxidase-permease complex) (32, 33). Other,

TABLE 1
Human fungal pathogens, corresponding disease pathology, and primary treatment therapies

Organisma Diseasea Description of the diseasea Primary therapya

Aspergillus spp. Chronic pulmonary
aspergillosis

Long-term condition, mostly in patients with underlying
lung disease in which Aspergillus can cause cavities in
the lungs

Itraconazole or voriconazole

Invasive aspergillosis Infection of immunocompromised people; most
commonly lungs affected, but can disseminate to
periphery

Voriconazole

Blastomyces dermatitidis Blastomycosis Lung infection in healthy or immunocompromised people Itraconazole; amphotericin
B for severe infections

Candida spp. Oral candidiasis Oral Candida overgrowth in immunocompromised people Antifungal topical
treatments

Genital candidiasis Genital Candida overgrowth Antifungal vaginal
suppositories or creams

Invasive candidiasis Bloodstream infection of Candida yeast in
immunocompromised people

Fluconazole or an
echinocandin

Coccidioides spp. Coccidioidomycosis or
valley fever

Most commonly lung infection in healthy or
immunocompromised people, which can disseminate to
other tissues, including CNS

Fluconazole

Cryptococcus spp. Pulmonary cryptococcosis Lung infection in healthy (C. gattii) or
immunocompromised people (C. neoformans)

Fluconazole

Cryptococcal meningitis CNS infection after C. neoformans and C. gattii spread
from the lungs

Amphotericin B and
flucytosine

Histoplasma capsulatum Histoplasmosis Primary lung infection can be latent or disseminate,
especially in immunocompromised individuals

Itraconazole; amphotericin
B for severe infections

Rhizopus arrhizus and other
Mucoromycotina

Mucormycosis Infection of immunocompromised people; five major
clinical forms, from which infection of sinuses and the
brain and lung are the most common; rapid onset of
tissue necrosis

Amphotericin B; in
cutaneous disease, wound
resections

Pneumocystis jirovecii Pneumocystis pneumonia Lung infection particularly in immunocompromised
people, high incidence in HIV/AIDS patients; can be
fatal if untreated

Trimethoprim
sulfamethoxazole

Sporothrix schenckii Sporotrichosis Predominantly skin infections; disseminated infections
may occur in immunocompromised people

Itraconazole; amphotericin
B for severe infections

Talaromyces marneffei Penicilliosis marneffei Infects immunocompromised people, initially in the lungs
and then by hematogenous dissemination to a systemic
mycosis

Amphotericin B

Dermatophytesb:
Trichophyton,
Microsporum,
Epidermophyton

Skin and nail infections Infection of the skin and nails of healthy and
immunocompromised individuals

Variety of antifungals, the
most common are azoles
and terbinafine

Malassezia spp.b Dandruff and seborrheic
dermatitis

Healthy and immunocompromised individuals; the
etiology of the disease still not well understood

Zinc pyrithione and other
antifungals in shampoos

Atopic dermatitis Chronic inflammatory skin disease associated with allergic
rhinitis, asthma, and immunoglobulin E-mediated food
reactions

Steroids

Pityriasis versicolor Chronic superficial skin disease with lesions hypo- or
hyper-pigmented

Several topical antifungals

a Unless otherwise indicated, the source of information for this table is the website from the Centers for Disease Control and Prevention (www.cdc.gov).
b Ref. 88.
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as yet undefined cytoplasmic ligands are thought to function in
the delivery of Cu to a mitochondrial Cu importer, Pic2 (34),
where Cu is ultimately mobilized to cytochrome oxidase
through the action of the Sco1/Sco2 proteins on the inner mito-
chondrial membrane (35). When environmental Cu concentra-
tions are high, Cu toxicity is prevented by one or more of several
mechanisms including Cu binding to metallothioneins, small
cysteine-rich proteins that bind Cu with high stoichiometry
through cysteine-thiolate bonds (36), the import and storage of
Cu in vacuoles (37), and Cu extrusion from cells via a P-type
ATPase at the plasma membrane, such as Crp1 found for
C. albicans (Fig. 1), but not in C. neoformans, S. cerevisiae, or
S. pombe (38).

When S. cerevisiae cells encounter low or high Cu concen-
trations, dedicated Cu-sensing transcription factors, Mac1 or
Ace1, activate transcription of genes encoding the Cu acquisi-
tion or the Cu-detoxifying metallothioneins, respectively, to re-
establish homeostasis (39). In vivo footprinting and in vitro bio-
chemical experiments demonstrate that low Cu activates Mac1
binding to target promoter-binding sites (40), whereas high Cu
levels allosterically activate Ace1 through the formation of a

DNA binding-competent tetra-Cu� cluster in the DNA-bind-
ing domain (41). The presence of Cu status-specific transcrip-
tion factors in S. cerevisiae is in contrast to that found in C. neo-
formans, where a single Cu metalloregulatory factor, Cuf1, is
critical for potently activating the Cu import genes in response
to low Cu levels and the metallothionein genes in response to
high Cu levels (29) through as yet poorly understood mecha-
nisms (Fig. 1).

How Is Cu Toxic?

The accumulation of Cu beyond homeostatic needs leads to
toxicity in diverse situations that include Wilson disease in
humans, resulting in hepatic Cu hyper-accumulation, the anti-
fungal activity of Bordeaux mixture in vineyards, and the anti-
bacterial activity of copper salts. Given the redox active nature
of Cu, as well as its ability to oxidize lipids, nucleic acids, and
proteins via the generation of hydroxyl radical, these macromo-
lecular insults have long been considered the primary basis for
Cu cytotoxicity. However, recent biochemical and genetic
experiments bring this view into question. Elegant experiments
from Imlay and co-workers (42) demonstrate that, despite a

FIGURE 1. Model for Cu homeostasis mechanisms in two fungal pathogens, Cryptococcus neoformans and in Candida albicans. Before import into C.
neoformans cells, Cu2� is reduced to Cu� (blue) by cell membrane metalloreductases. Cu� is transported into cells by the Ctr1 and Ctr4 high affinity Cu�

transporters. The cytosolic Cu chaperone Atx1 delivers Cu to the Ccc2 pump, and then to laccase, Lac1, which drives the synthesis of the cell surface pigment
melanin. The Cu chaperone Ccs1 provides Cu to Cu,Zn-Sod1, and by an unknown mechanism, Cu also reaches cytochrome c oxidase (Cco) in the mitochondria.
The metallothioneins Cmt1 and Cmt2 bind Cu with an extraordinarily high stoichiometry, protecting C. neoformans from Cu toxicity. The transcription factor
Cuf1 induces the expression of Cu acquisition, or Cu detoxification genes, respectively, in response to low or high Cu concentrations. In C. albicans, Cu2� is
reduced to Cu� (blue) by cell membrane metalloreductases. Cu� is transported into cells by the Ctr1 high affinity Cu� transporter. The cytosolic Cu chaperone
Atx1 delivers Cu to the Ccc2 pump. The Cu chaperone Ccs1 provides Cu to the Cu,Zn-Sod1, and by an unknown mechanism, Cu also reaches cytochrome c
oxidase in the mitochondria. The metallothioneins Cup1 and Crd2 bind Cu and protect C. albicans from Cu toxicity; however, the major mechanism for Cu
detoxification is achieved by Cu extrusion via the P-type ATPase Crp1. The transcription factor Mac1 induces the expression of Cu acquisition genes in response
to low Cu concentrations, and it has been proposed, by gene homology, that the transcription factor Cup2 induces the expression of the Cu detoxification
genes in response to high Cu concentrations (86). The extracellular superoxide dismutases Sod4, Sod5, and Sod6 are GPI-linked to the cell membrane. Sur7 is
a tetra-spanning domain protein important for cell wall morphogenesis, also involved in Cu homeostasis, as Sur7 deletion renders cells more sensitive to high
Cu than isogenic wild-type cells (87).

MINIREVIEW: Copper and Fungal Pathogens

JULY 31, 2015 • VOLUME 290 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 18947



dramatic Cu over-accumulation in Escherichia coli cells, it does
not cause oxidative DNA damage, and most of the redox-active
Cu accumulates in the periplasmic space. In subsequent work,
these investigators suggest that intracellular Cu� ligates to sol-
vent-accessible sulfur atoms that would otherwise coordinate
Fe-sulfur clusters essential for enzyme catalysis, such as for iso-
propylmalate dehydratase (43). Because a number of proteins
involved in amino acid biosynthesis, DNA replication and
repair, telomere maintenance, and other critical cellular func-
tions are Fe-S cluster proteins (44), these proteins may repre-
sent important targets in Cu toxicity due to loss of catalytic
function. Further studies, perhaps guided by structural infor-
mation, may elucidate the hierarchy of their sensitivity to Cu
and importance in Cu toxicity, particularly with respect to fun-
gal pathogens.

Host Cu: A Weapon Against Fungal Pathogens

Although humans have increased complexity at the level of
systemic Cu homeostasis and its regulation, at the cellular level,
there is great conservation between fungi and humans in the
proteins that carry out Cu balance, as well as their mechanisms
of action (45– 48). In contrast to the nutritional immunity
imposed by host Fe-, Zn-, and Ca-withholding mechanisms,
accumulating evidence demonstrates that host innate immune
cells, such as macrophages, actively accumulate and compart-
mentalize Cu as a potent weapon against microbial pathogens.
For example, early studies using x-ray microprobe analysis
demonstrated that Cu concentrations increase dramatically in
the phagolysosome of peritoneal macrophages upon infection

with Mycobacterium species (49). These studies suggested an
active process for host Cu compartmentalization, which was
further supported by the observation that activated macro-
phages increase expression of both the high affinity Cu trans-
porter Ctr1 at the plasma membrane and the Cu�-transporting
P-type ATPase ATP7A at the phagolysosomal membrane, as
compared with naive macrophages (50). Consistent with active
Cu compartmentalization, E. coli, M. tuberculosis, and Salmo-
nella typhimurium mutants lacking Cu�-exporting pumps
required for Cu detoxification were more susceptible to macro-
phage killing and hypo-virulent in animal infection models
(50 –52), and E. coli Cu-sensitive mutants exhibited increased
survival in macrophages in which expression of the ATP7A
pump was silenced (50). Moreover, perhaps the acidic environ-
ment of the phagolysosome, combined with the elaboration of
reactive oxygen and nitrogen species, also exacerbates Cu tox-
icity due to the labile nature of Cu at low pH and its chemical
reactivity with these species.

Although most bacterial pathogens have no known require-
ment for Cu within their cytoplasm, fungal pathogens and
humans have Cu-dependent enzymes in many compartments
and have common Cu homeostasis mechanisms. Live animal
imaging studies demonstrate that C. neoformans senses expo-
sure to high levels of Cu within the lung (Fig. 2), the natural
route of infection and initial infectious niche in mammals (27).
Accordingly, C. neoformans copes with elevated pulmonary Cu
concentrations during infection by robustly inducing the
expression of two metallothionein genes, CMT1 and CMT2, in

FIGURE 2. Cu homeostasis mechanisms at the host-pathogen axis during C. neoformans infection. C. neoformans is a fungal pathogen that is acquired
through the respiratory route and establishes in the lungs of immunocompromised individuals. If C. neoformans is not cleared at this stage of infection, it
disseminates through the bloodstream to the brain where it causes lethal meningitis, and it is responsible for �650,000 deaths/year (3). In the lungs, the
primary site of the infection, innate immune cells use Cu as a weapon to fight against C. neoformans. In this niche, C. neoformans metallothioneins are highly
expressed in a Cuf1-dependent manner as a means to cope with the high Cu concentrations in the phagolysosome that are compartmentalized via the action
of the host plasma membrane Ctr1 Cu� importer and the Cu� transporter ATP7A at the phagolysosomal membrane. The source of innate immune cell Cu could
be derived from ceruloplasmin or other circulating Cu ligands. When C. neoformans reaches the brain, it encounters an environment deprived from Cu, as
demonstrated by the Cuf1-dependent expression of the C. neoformans high affinity Cu transporters Ctr1 and Ctr4 at the plasma membrane, as well as the
requirement for the Cu acquisition machinery in colonization of the brain and for virulence.
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a time-dependent manner. Disruption of both MT2 genes
results in a dramatic decrease of the virulence in an intranasal
mouse model of cryptococcosis (27). Cmt1 and Cmt2 are pri-
mary and redundant defensive mechanisms that protect C. neo-
formans from otherwise toxic Cu concentrations. Not only is
MT1/2 expression induced in a manner dependent on both
high Cu and the single C. neoformans Cu regulatory transcrip-
tion factor Cuf1, but the unusually long primary sequence of the
MT1 and MT2 proteins, consisting of tandem modules of cys-
teine-rich Cu-binding blocks, confers these proteins with the
ability to bind up to 16 and 24 Cu� ions, respectively, an
unprecedented Cu binding stoichiometry (53). In contrast to
the transcription of mammalian MT genes that are activated by
many distinct metals, oxidative stress, and hormones, elevated
Cu is the only condition currently known to activate MT1 and
MT2 in C. neoformans (27). Interestingly, genes encoding met-
allothionein homologues are found in the genomes of other
fungal pathogens (54, 55), yet in contrast to the MTs of C. neo-
formans, the Cu-exporting pump, CRP1, in C. albicans has
been shown to play a dominant role in Cu detoxification and
Cu-related virulence in this fungal pathogen (Fig. 1) (38).

Although Cu compartmentalization within the phagolyso-
some is emerging as an important mechanism with respect to
innate immunity against fungal pathogens, one unresolved
question is: what is the source of Cu used by the macrophages
for this process? The Cu accessed by cell surface Ctr1 could be
mobilized from Cu-binding proteins in the circulation such as
ceruloplasmin, an acute phase protein elevated during inflam-
mation and infection (56). Although �90% of the Cu in plasma
is bound to ceruloplasmin, little information is available regard-
ing a potential role for ceruloplasmin providing Cu to macro-
phages. Additional plasma Cu-binding proteins that could
serve as a source of macrophage Cu include albumin, extracel-
lular Cu,Zn-superoxide dismutase, plasma metallothioneins, or
low molecular weight Cu complexes, of an undetermined
nature, recently described (57, 58). Alternatively, macrophages
may mobilize their own intracellular Cu stores such as through
the action of the ATP7A Cu� pump on the phagolysosome.
Alternatively, Cu could be provided through the fusion of Cu-
enriched endosomal compartments found in cells in which the
Ctr1 high affinity Cu� transporter, localized to both the plasma
membrane and the endosomes, fails to be efficiently cleaved
through stimulation by the Ctr2 protein (59). Perhaps in some
scenarios, extracellular sources of Cu directly exert antifungal
activity, without entering cells.

Host Cu Deprivation in Fungal Infection

Although the Cu detoxification machinery is important for
C. neoformans to gain ground on the immune system during
initial stages of pulmonary infection, possibly leading to pneu-
monia, later stages of C. neoformans infection involve blood-
stream dissemination and colonization of the CNS, causing
lethal meningitis. During brain colonization, C. neoformans

activates transcription of the plasma membrane high affinity
Cu importers Ctr1 and Ctr4, but not MT1 or MT2, demonstrat-
ing that in this niche, C. neoformans senses Cu limitation (Fig.
2) (28). Furthermore, deletion of the two C. neoformans Cu
importers causes a significant reduction in fungal burden in an
intracranial mouse model of meningitis. In C. neoformans, the
expression of Ctr1 and Ctr4 is induced by the single Cu regula-
tory transcription factor Cuf1 under Cu-deficient conditions
(29). Collectively, these results suggest that C. neoformans
encounters Cu limitation during the brain stage of infection.
More experiments are needed to ascertain whether the host is
deliberately creating this local Cu-deprived environment aimed
at preventing the growth of this fungal pathogen in the brain,
which would constitute a new metal subject to nutritional
immunity. However, it is also possible that there is no such
Cu-deficient environment in the brain, but there is a dramatic
increase in the cryptococcal Cu requirements. As we discuss
below, it is in the brain where the major substrate for the C. neo-
formans melanin biosynthetic pathway is found.

How might the host limit Cu in specific infectious niches? It
has been observed that mammalian metallothioneins play an
important role in neuroprotection during brain inflammatory
processes, by mechanisms that include metal sequestration and
reactive oxygen species neutralization (60). Fungal infection
might very well be another process where metallothioneins play
an important neuroprotective role and might constitute a
mechanism for Cu sequestration during C. neoformans brain
colonization. Mammals express four metallothionein isoforms,
MT1 to MT4. Although MT1 and MT2 are ubiquitously
expressed in all tissues, including the brain, MT3 is almost
exclusively expressed in the CNS. MT1 and MT2 are able to
bind up to 12 Cu� atoms, and their expression is induced dur-
ing inflammation in astrocytes or activated microglia, immune
cells derived from the monocyte/macrophage lineage (60). MTs
have been predominantly localized intracellularly, but they
have also been reported to be released from astrocytes to the
extracellular environment, suggesting a potential role for MTs
in host Cu withholding in the brain (61). The splicing variant of
the Cu-binding protein glycosylphosphatidylinositol (GPI)-an-
chored ceruloplasmin, which is expressed on the surface of
astrocytes and which regulates iron levels in both astrocytes
and neurons, could also contribute to a host metal sequestra-
tion mechanism during fungal infection (62). Although little is
known regarding intracellular Cu redistribution in microglia or
astrocytes during brain inflammation, alternative mechanisms
for Cu sequestration could involve the ATP7A/B pumps or
alterations in the regulation of high affinity Cu transport pro-
teins, such as regulation of Ctr1 function by cleavage of its
extracellular ecto-domain at vesicular compartments within
microglia or astrocytes, which could lead to the accumulation
of biologically unavailable Cu in stored endosomes (59).

Fungal Cu-dependent Enzymes in Virulence

Laccases and the Melanin Biosynthetic Pathway

Melanins are highly insoluble negatively charged polymers of
phenolic and indolic compounds that, in fungi, are strongly
associated with virulence. Melanin provides fungi a defense

2 The abbreviations used are: MT, metallothionein protein; GPI, glycosylphos-
phatidylinositol; SOD, superoxide dismutase; ZPT, zinc pyrithione; 8HQ,
8-hydroxyquinoline; QBP, quinoline boronic acid pinanediol ester; L-DOPA,
L-3,4-dihydroxyphenylalanine.
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mechanism against oxidative and nitrosative stress, protects
cell wall integrity, supports immune evasion, and confers resis-
tance to killing by antifungal drugs. Fungi have two different
pathways for melanin synthesis: the 1,8-dihydroxynaphtalene
pathway, where the endogenously synthesized molecules,
acetyl CoA and malonyl CoA, are used by the fungi as melanin
precursors, and the L-3,4-dihydroxyphenylalanine (L-DOPA)
pathway, where either exogenously acquired L-DOPA or tyro-
sine are the precursors used by fungi to synthesize melanin (63).

Melanin is an established virulence determinant in animal
models of infection for numerous fungal pathogens including
Wangiella dermatitidis (64), Paracoccidioides brasiliensis (65),
Sporothrix schenckii (66), or Cryptococcus gattii (67). This is
also the case for C. neoformans (68), which synthesizes melanin
exclusively from the L-DOPA pathway, and importantly, the
melanin precursor L-DOPA is very abundant in host brain. Mel-
anin allows C. neoformans to survive macrophage-mediated
killing by preventing antibody-mediated phagocytosis (69), and
increases the intensity of host tissue damage in relation with
non-melanized C. neoformans cells. Melanized C. neoformans
cells have been found in lungs and brains of infected mice (70)
and in brain tissue from human patients with AIDS-associated
meningoencephalitis (71), and melanin is a virulence factor in a
murine model of cryptococcosis (68). The cell wall-associated
Cu-dependent diphenol oxidase laccase, Lac1, is a central enzyme
in the melanization pathway in C. neoformans (72). LAC1 mRNA
transcription is active in cerebrospinal fluid of C. neoformans-in-
fected rabbits and is an important virulence factor in in vivo mod-
els for cryptococcosis (72). Moreover, during brain infection, there
is a strong localization of a Lac1-GFP fusion protein at the crypto-
coccal cell wall, as opposed to the lungs where this enzyme is local-
ized in the cytosol, suggesting a predominant role of the enzyme
during the brain infection (73). Several other C. neoformans pro-
teins are also required for melanin biogenesis, such as the Ccc2
Cu� pump that facilitates Cu metallation in the secretory com-
partment and is known to be a virulence factor in murine infection
models (33). Collectively, these results highlight the relevance of
sufficient Cu sources when the organism is colonizing the brain,
which might explain the up-regulation of the Cu importers during
cryptococcal meningitis.

Invasive pulmonary aspergillosis, the most common mani-
festation of Aspergillus fumigatus infection in immunosup-
pressed individuals, results from the germination of respiratory
acquired dormant conidia, ubiquitously present in the environ-
ment, to hyphae in the nutrient-rich pulmonary alveoli. In
A. fumigatus, which uses the dihydroxynaphthalene pathway
for melanin biosynthesis, melanization is strongly related to
conidia development. Expression of the laccases ABR1 and
ABR2, as well as a putative Cu transporter CTPA, likely involved
in providing Cu to the laccases, is induced at the hyphal com-
petence phase, prior to conidiation (74). Improperly melanized
conidia loose their echinulate morphology, resulting in conidia
with a smooth surface, which provokes a switch from a non-
immunogenic status to an immunoreactive phenotype (75).
Moreover, the melanin conidia coat inhibits acidification of
phagolysosomes of innate immune cells, which favors survival
of the pathogen (76). Consequently, A. fumigatus mutants

defective in melanization are less virulent and cleared faster
than wild-type isogenic strains in murine models of infection.

Cu,Zn-Superoxide Dismutases: Reactive Oxygen Species
Scavenging

Reactive oxygen species, including superoxide anion, are rel-
evant weapons used by host innate immune cells to fight infec-
tions. Therefore, it is not surprising that classical cytosolic
Cu,Zn-SODs are virulence factors in animal models of fungal
infection, as has been demonstrated for C. neoformans (77) and
C. albicans (78). Remarkably, it has recently been reported that
some fungal pathogens are able to secrete other types of Cu-de-
pendent SODs, which, similar to the cytosolic Cu,Zn-SODs, are
required for virulence. Some examples are the C. albicans Sod4,
Sod5, and Sod6 proteins (Fig. 1) (79), and the Histoplasma cap-
sulatum Sod3 protein (80). The roles of CaSod4 and CaSod6
are not well established, but SOD5 has been demonstrated as a
virulence factor in C. albicans; it is transcriptionally induced
during the yeast to hyphal transitions, during osmotic and oxi-
dative stress, and in non-fermentable carbon sources (79). The
recent elucidation of the Sod5 three-dimensional structure
(PDB 4N3T (CuI) and PDB 4N3U (CuII)) has revealed fascinat-
ing features regarding the mechanism of action of this protein
(81). Sod5 is a monomer that lacks both the typical ligands for
Zn and the electrostatic loop region, which are both required
for superoxide guidance to the catalytic site in the classical
cytosolic Cu,Zn-SODs. As a result, the Sod5 Cu-binding site
remains solvent-accessible, potentially allowing Sod5 to cap-
ture Cu from the environment without the involvement of an
Cu chaperone and to reach almost diffusion rate-limited kinet-
ics in the reaction with superoxide anion. The H. capsulatum
Sod3, which is in part liberated from the cell, and in part
anchored to the cell wall through a GPI link, functions in scav-
enging extracellular peroxides. Sod3 is important for H. capsu-
latum viability when incubated with polymorphonuclear leu-
kocytes or macrophages and is a virulence factor inf mice.
Interestingly, deletion of the H. capsulatum cytosolic Cu,Zn-
Sod1 does not affect virulence, suggesting that this extremely
high ability to survive as an intracellular fungus in immune cells
directly relies in the ability of the organism to defeat the host
oxidative burden at the extracellular site of attack (80).

Cu Ionophores as Potential Antifungal Agents

Neutral lipophilic compounds, able to coordinate and shuttle
Cu from the extracellular environment to the intracellular
milieu (Cu ionophores), offer a way to increase intracellular Cu
concentrations, independently of dedicated Cu transporters,
and have served as alternative approaches to study the targets
for Cu toxicity in yeast (Fig. 3A). Zinc pyrithione (ZPT) is an
antifungal molecule present in shampoos commonly used for
the treatment of dandruff, a skin condition exacerbated by
fungi of the genus Malassezia (82). The mechanism of action of
ZPT as an antifungal agent was investigated using S. cerevisiae
as a model (83) where micromolar concentrations of ZPT
caused a dramatic increase in intracellular Cu concentrations,
together with decreased expression of the high affinity Cu
transporter Ctr1. Transcriptome analysis demonstrated that
ZPT treatment up-regulated the expression of genes coding for
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the iron import machinery and down-regulated genes coding
for heme biosynthesis. Further, using an S. cerevisiae collection
of deletion mutants, inactivation of several genes related to the
mitochondrial iron-sulfur cluster assembly machinery sensi-
tized cells to ZPT. A closer analysis of iron-sulfur cluster-con-
taining proteins showed decreased specific activities of aconitase,
isopropylmalate isomerase (Leu1), and glutamate synthase,
whereas little loss of activity was observed for non Fe-S cluster-
containing enzymes (Fig. 3B) (83). Similar results have been
obtained for 2-(6-benzyl-2-pyridyl)quinazoline (BPQ) (Fig. 3A),
another agriculturally important antifungal Cu ionophore that, if
used in combination with micromolar concentrations of Cu,
potentiates the toxicity of the latter �50-fold (84).

Recent work using conditionally activated Cu ionophores
demonstrated how the host Cu compartmentalization within
the phagolysosome can be exploited for the design of small
molecules that are harmful for the fungal pathogen, yet innoc-
uous for the host (85). To achieve this goal QBP, which is a
protected (inactive) version of a well characterized Cu iono-
phore 8-hydroxyquinoline (8HQ), was used (Fig. 3A). As QBP is
converted into 8HQ upon treatment with H2O2 or peroxyni-
trite, agents typically found in the phagolysosome of activated
macrophages, the converted 8HQ can then coordinate Cu (also
present at high concentrations in this environment) and shuttle
the metal into fungi within the phagolysosome, facilitating
immune cell clearance of the fungal pathogen at the site of
infection, without conversion to 8HQ in other host compart-
ments. This strategy was shown to work in an intranasal model of
infection, where mice infected with C. neoformans showed signif-
icantly less C. neoformans burden in the lungs of mice treated with
QBP than those treated with vehicle alone, suggesting the poten-
tial for further development of conditionally activated Cu iono-
phores for treating systemic fungal infections (85).

Looking Ahead

At present there is a limited repertoire of effective antifungal
agents and a lag in the development pipeline of agents that engage
fungi-specific targets. Given the ability of mammalian hosts to
mount antifungal responses through the accumulation of toxic Cu
within the phagolysosome of innate immune cells, and by Cu limi-
tation in other infectious niches, it is important to understand the
underlying host mechanisms and corresponding fungal responses
to changes in bioavailable Cu. Chemical biology approaches to
manipulate, and perhaps overwhelm, the fungal Cu homeostasis
machinery may provide a promising new avenue for the develop-
ment of novel antifungal therapies.
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Zinc (Zn) and copper (Cu) are essential for optimal innate
immune function, and nutritional deficiency in either metal
leads to increased susceptibility to bacterial infection. Recently,
the decreased survival of bacterial pathogens with impaired Cu
and/or Zn detoxification systems in phagocytes and animal
models of infection has been reported. Consequently, a model
has emerged in which the host utilizes Cu and/or Zn intoxica-
tion to reduce the intracellular survival of pathogens. This
review describes and assesses the potential role for Cu and Zn
intoxication in innate immune function and their direct bacte-
ricidal function.

Six first row d-block metal ions, manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn), are essential
micronutrients in living organisms. Investigations and discus-
sions of the roles of these trace metals in biology often relate to
their acquisition, storage, and incorporation into enzymes.
However, conditions where these metal ions are present in
excess or are found in the wrong location, resulting in toxicity,
have also been described. Thus, there are also systems that
sequester, export, and detoxify excess trace metal ions. Today,
the concept of trace metal homeostasis, in which various cellu-
lar actions maintain the fine balance between nutrition and
toxicity, is well developed.

Recently, the concept of “nutritional immunity” has emerged
in the context of host defense against pathogens. This envisages
a role for mechanisms that protect the host from invading
pathogens by restricting their ability to acquire key transition
metal ions. One example involves lipocalin, which binds sidero-
phores and thereby prevents Fe acquisition by bacterial patho-
gens (1). Another is calprotectin, which restricts acquisition of
Zn or Mn (2). However, what if the host was able to harness the
toxic properties of transition metal ions and use them as bacte-
ricides? This review explores the evidence for an antimicrobial

role for Cu and Zn in the host defense against bacterial
pathogens.

The Importance of Cu and Zn for Innate Immune
Function

The innate immune system is a collection of cells and pro-
teins that are functionally diverse and that defend against inva-
sion by foreign organisms. At sites of infection, epithelial cells
act as the first and highly effective layer of barrier, but if they are
breached, a rapid influx of phagocytes such as neutrophils and
macrophages will assist in curbing the initial progress of infec-
tion. Engulfment of pathogens by these phagocytes helps acti-
vate adaptive immunity, which leads to a permanent resolution
of the infection.

The link between Cu and innate immune function has been
recognized for decades. Early literature recorded that mild Cu
deficiency in humans and animals was often characterized by
neutropenia (3, 4). This condition was associated partly with a
decrease in the number of circulating neutrophils, and thus a
role for Cu in leukocyte differentiation, maturation, and prolif-
eration has been proposed (5). Of interest in this review are the
observations that Cu deficiency also led to impaired neutrophil
function. Neutrophils isolated from hypocupremic subjects
displayed reduced phagocytic capacity and/or diminished bac-
tericidal activity, but these actions were restored readily upon
dietary supplementation with Cu (6, 7). Cu deficiency had sim-
ilar effects on macrophage function, and macrophages isolated
from Cu-starved rats had a reduced Cu content and a decreased
antimicrobial activity (8).

It thus followed that dietary manipulations of Cu levels influ-
enced the susceptibility of animal hosts to bacterial infections.
Cu-deprived diets typically sensitized the animal to infection,
prolonged the duration of infection, and increased mortality
rates (9 –11). These phenotypes were suppressed by increasing
Cu intake (12, 13). This apparent Cu requirement for optimal
innate immune function has been verified recently using cell
culture models of mouse macrophages. Pretreatment with
added Cu boosted macrophage antibacterial activity and
enhanced intracellular killing of Escherichia coli (K12) (14).
Conversely, Cu starvation as induced by the non-permeable
Cu(I) chelator bathocuproine disulfonate led to a decline in
bactericidal function and an increase in the intracellular sur-
vival of the pathogen Salmonella enterica serovar Typhimu-
rium (15). The effect was again reversible by the readdition of
Cu into the culture medium.

Like Cu, appropriate levels of Zn are required for the proper
functioning of the immune system. The importance of Zn in
immunity is notably illustrated by the high occurrences of
infectious diseases in developing nations due to Zn-poor diets
(16 –18). Zn is essential for the normal development and activ-
ity of cells involved in both innate and acquired immunity.
Recently, there have been reports that Zn might function as a
signaling molecule (19, 20). Of relevance to this review, studies
of Zn-deficient animals and human conditions of Zn deficiency
have shown that, although there was no loss of total neutrophil
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numbers, there was a decrease in their chemotactic response
(21–23). Zn deficiency also led to a reduced chemotactic
response of monocytes and macrophages, resulting in impaired
phagocytosis and intracellular killing of pathogens (24 –27).
These effects were readily reversible by Zn supplementation.

Antibacterial Effects of Cu and Zn

The precise roles for Cu in innate immune function remain
to be fully explored, but the current hypothesis postulates that
Cu ions may be harnessed directly by phagocytes as an antibac-
terial agent, and this model has gained significant traction in
recent years (28 –30). The antibacterial effects of excess Cu ions
are quite well understood. Within the reducing bacterial cyto-
plasm, Cu exists exclusively as Cu(I), and its level is buffered by
Cu(I)-specific, high-affinity sites (31). However, the Cu(I)/
Cu(II) redox couple remains biologically accessible. Thus,
excess or “unbuffered” (weakly bound) Cu(I) ions are poised to
catalyze gratuitous electron transfer. In the context of host-
pathogen interactions, this action of Cu(I) as a redox catalyst is
considered to be of critical relevance. The activities of the host
NADPH oxidase during the initial respiratory burst and induc-
ible NOS during the late phase of infection generate a potent
mixture of antimicrobials, namely O2

. and NO�, respectively
(32). If Cu(I) is also mobilized to this environment, it would
potentiate the redox cycling of these reactive oxygen and nitro-
gen species (33, 34). This cycling may produce additional
redox-active species and concomitantly deplete crucial bacte-
rial antioxidants such as thiols, causing severe oxidative or
nitrosative stress and ultimately bacterial death (35, 36).

Excess Cu(I) may also exert a bacteriotoxic effect via alterna-
tive mechanisms that are redox-independent. Cu(I) may out-
compete other d-block metal micronutrients from their bind-
ing sites in metalloproteins, especially those that contain soft
thiolate ligands, as the affinities of such sites to transition met-
als tend to follow the Irving-Williams series. One well charac-
terized example is the displacement of Fe(II) from solvent-ex-
posed Fe-S clusters by Cu(I) (37– 41). The consequence is a
systemic disruption of bacterial metabolic pathways that rely
on the activity of Fe-S cluster enzymes. This may have down-
stream repercussions on intracellular survival in the host. For
instance, inhibition of coproporphyrinogen(III) oxidase in the
pathway for heme biosynthesis in Neisseria gonorrhoeae led to
defects in heme-dependent defenses against H2O2 and NO�

(33, 40).
In contrast to Cu, Zn is not usually regarded as having the

same level of toxicity. Zn is present in up to 10% of proteins in
the human proteome, and computational analysis predicted
that �30% of these �3000 Zn-containing proteins are crucial
cellular enzymes, such as hydrolases, ligases, transferases, oxi-
doreductases, and isomerases (42, 43). This suggests that Zn is
well tolerated or, more correctly, that the cell has mechanisms
to control homeostasis of this metal ion.

Like Cu, Zn is regulated tightly within cells by high-affinity
sites, and intracellular “free” Zn is kept well below the pM range
(44). However, like Cu, Zn lies at the top of the Irving-Williams
series, and there is evidence that Zn exerts an antimicrobial
effect by antagonizing the uptake of other key trace metal nutri-
ents. In Streptococcus pneumoniae, excess Zn was shown to

prevent the uptake of Mn(II) by binding irreversibly to the
extracellular Mn(II) solute binding protein PsaA (45, 46). Con-
sequently, S. pneumoniae becomes hypersensitive to oxidative
stress (45, 46). Zn may also bind adventitiously to other sites
that do not normally contain a metal ion and thereby inhibit key
enzymes in cells (35, 47– 49). We have addressed this in the case
of the human bacterial pathogen Streptococcus pyogenes and
shown that exposure to elevated Zn results in inhibition of gly-
colytic enzymes and phosphoglucomutase (50). The latter is a
key enzyme in the biosynthesis of capsule.

Evidence for a Direct Role of Cu and Zn in the Control of
Bacterial Infection

The Role of Bacterial Cu and Zn Detoxification Systems in
Virulence

The bulk of the evidence for a role of Cu as a host-derived
antibacterial has been inferred from phenotypic characteriza-
tion of bacterial mutants that are impaired in key functions
associated with Cu detoxification. These mutants typically dis-
play reduced virulence in animal and macrophage model hosts,
but the tolerance determinant varies and notable exceptions do
exist (Table 1).

Bacterial Cu detoxification systems are diverse and are often
found in some degree of redundancy, as best exemplified by the
dual CueR/CusRS systems in E. coli (51), the CsoR/RicR regu-
lons in Mycobacterium tuberculosis (52, 53), and the SctR/GolS
systems in S. Typhimurium (54). These redundancies may also
be a strategy to fine-tune the response to fluctuating Cu levels in
the environment. Other detoxification systems are consider-
ably more straightforward, such as the Cop regulon in S. pneu-
moniae (55) and the single-component CopA system in N. gon-
orrhoeae (33). Based on current understanding of these
systems, the minimum requirement for Cu tolerance appears to
be a membrane-bound, Cu(I)-effluxing ATPase that extrudes
Cu(I) ions from the cytoplasm, usually designated as CopA.
Inactivation of the copA gene invariably leads to trapping of Cu
in the cytoplasm. Predictably, this failure to remove cytoplas-
mic Cu renders copA mutants sensitive to in vitro killing by Cu
salts (33, 55, 56). copA usually operates under the control of
Cu(I)-sensing transcription factors, which may also activate the
expression of accessory genes that encode for cytoplasmic or
periplasmic Cu chaperones and periplasmic cuprous oxidases
(CueO),3 all of which are necessary for optimal Cu tolerance in
vitro (57, 58).

If Cu acts as a host bactericide, inactivation of copA should
suppress virulence of the invading pathogen. This was indeed
the case in several, but not all, medically significant pathogens.
The copA mutant strains of Pseudomonas aeruginosa (cueA)
(59) and S. pneumoniae (55, 60) were less invasive in murine
host models of systemic infection. The copA mutant strain of
N. gonorrhoeae also had impaired survival within cervical epi-
thelial cell host (33). By contrast, the copA mutants of Listeria
monocytogenes (61, 62), Vibrio cholerae (63), and S. Typhimu-
rium (56) displayed no loss of pathogenic fitness in animal or
macrophage infection models.

3 The abbreviations used are: CueO, cuprous oxidase; ZnT, zinc transporter.
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Here, it is important to recognize that some prokaryotes pos-
sess more than one Cu(I) efflux pump, and these may be able to
compensate for the loss of CopA. For S. Typhimurium, a phe-
notype for the copA mutant in terms of survival within macro-
phages was observed only upon simultaneous inactivation of
golT (56), which encodes for a second Cu(I)-exporting pump in
this bacterium. Nonetheless, virulence of the copA/golT double
mutant was maintained in a mouse model host (56). For
M. tuberculosis, inactivation of the copA homologue ctpV had
no clear effect on mycobacterial pathogenesis in mice or guinea
pigs (64), but disruption of an alternative Cu(I) export pump
encoded by mctB was detrimental to survival (13). Likewise, for
L. monocytogenes, only the plasmid-borne ctpA gene but not
the chromosomal copA gene was essential for long-term colo-
nization of mice (62). However, the behavior of the ctpA mutant
in isolated macrophages was indistinguishable from that of the
parent strain (62).

Although the above examples suggest that pathogenic suc-
cess depends on an efficient removal of excess Cu from the
bacterial cytoplasm, the importance of controlling Cu in the
bacterial envelope or periplasm must not be overlooked. Muta-
tion of the cusFCBA operon was recently shown to suppress
colonization by uropathogenic E. coli in a mouse model of uri-
nary tract infection (12). The cus operon encodes for a second-
ary Cu(I) efflux system in E. coli that protects against periplas-
mic Cu toxicity under anaerobic conditions (51, 65). The effect
of copA mutation in this genetic background is not known, but

inactivation of copA in the laboratory strain K12 was shown to
impair its ability to colonize mouse macrophages (14). Simi-
larly, a cueO mutant strain of S. Typhimurium lacking the
periplasmic cuprous oxidase was attenuated in mouse liver and
spleen (57), although it showed no phenotype in isolated
macrophages. The results with cueO were different from those
generated with the copA/golT double mutant, which showed
reduced survival only in macrophages but not in mice (56). At
present, a rationale for this apparent discrepancy is not avail-
able, but it must be mentioned that inactivation of cueO in
E. coli (K12 and uropathogenic strain) caused pleiotropic
effects that were unrelated to Cu tolerance (66, 67).

To some extent, bacterial Zn detoxification systems appear
simpler when compared with those of Cu. They typically con-
sist of a transcriptional response regulator paired with the Zn
efflux transporter, although there may be some redundancies in
these exporters. The best exemplified Zn export systems in the
literature are the ZntR/ZntA regulator/P-type ATPase Zn
efflux system in E. coli (68, 69) and the GczA (SczA)/CzcD reg-
ulator/cation diffusion facilitator system in S. pyogenes and
S. pneumoniae (70, 71).

In relation to infection, it has been established that Zn defi-
ciency in animal models promotes susceptibility to bacterial
pathogens such as L. monocytogenes (72) and M. tuberculosis
(73). Until recently, all evidence had pointed to Zn deprivation
as the key antimicrobial strategy in innate immune cells, and
reports of bacterial Zn export as a virulence determinant had

TABLE 1
Phenotypic characterization of bacterial mutants that are impaired in Cu detoxification (export)
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been limited (Table 2). In 2011, Botella et al. (74) demonstrated
that a mutant strain of M. tuberculosis that lacks the Zn-efflux-
ing ATPase CtpC was attenuated in a human-derived macro-
phage model of infection. However, there was no observable
loss of virulence in mice (74). Similarly, a zntA deletion mutant
of E. coli also had reduced survival within human macrophages
when compared with the wild type strain (74). These results are
clearly consistent with the idea that, like Zn starvation, Zn
excess may also play an antimicrobial role. Subsequently, it was
shown that inactivation of czcD, which encodes for the Zn-
specific cation diffusion facilitator in S. pyogenes, led to a
decreased survival in human neutrophils and a reduced viru-
lence in a mouse model of infection (71). Similarly, deletion of
cznABC, a broad-spectrum ATP-binding cassette (ABC) trans-
port system that is thought to play a role in the export of Zn,
resulted in decreased virulence of Helicobacter pylori in a gerbil
model of gastric infection (75).

Alterations in Host Cu and Zn Status in Response to Bacterial
Infection

Additional support for the involvement of Cu in the clear-
ance of intracellular pathogens is available from studies that
examine the host responses to bacterial infection. In response
to inflammation by S. Typhimurium or the proinflammatory
agent Salmonella LPS, expression of ATP7A, which encodes for
the ATP-dependent Cu(I) transporter ATP7A, was elevated in
mouse macrophages (15). ATP7A is required for the biosynthe-
sis of cuproenzymes, and so it usually resides in the Golgi appa-
ratus. This expression of ATP7A was accompanied by robust
increases in the expression of CTR1 and CTR2, which encode
for transporters for the import of Cu(I) into the cytoplasm, and
CP, which encodes for ceruloplasmin (15).

These alterations in the expression of genes involved in Cu
metabolism may signify a concerted boosting of Cu uptake into
the host cell. One hypothesis proposes that Cu is trafficked
specifically to phagosomes to enhance killing of intracellular
bacteria. Indeed, activation of mouse macrophages by IFN-�
was shown to trigger partial trafficking of ATP7A to phago-
somal compartments (14). Consistent with this hypothesis,
RNAi silencing of ATP7A diminished the bactericidal activ-
ity of these macrophages against engulfed E. coli K12 (14).
However, direct detection of Cu levels within phagosomes,
whether before, during, or after infection, has not yet been
confirmed. Elemental analyses of mouse macrophages by

x-ray fluorescence detected an apparent increase in the
amounts of Cu in extracellular M. tuberculosis when com-
pared with those in internalized bacteria within mycobacte-
rium-containing phagosomes, but this difference was not
statistically significant (76). A separate imaging study of
mouse macrophages using the fluorescent sensor CS-1 also
showed that although Cu ions were mobilized to discrete
vesicles in response to inflammation by S. Typhimurium,
these Cu-rich vesicles did not co-localize with Salmonella-
containing vacuoles (15).

Nevertheless, there was activation of the copA promoter of S.
Typhimurium during interactions with mouse macrophages
(56). This requirement for CopA function certainly implies a
situation of Cu excess. However, it should be noted that the
copA promoter was activated only after 12–24 h after infection
(56). This timing coincides nicely with the expression of Cu
homeostasis genes in macrophages, which peaked at 14 h after
infection (15). This apparent elevation of Cu does not coincide
with the timing of the oxidative burst in macrophages. Instead,
it is temporally more coincident with the onset of nitric oxide
production.

Mammalian Zn homeostasis is highly complex. It can involve
10 ZnT (SLC30) family and 14 ZIP (SLC39) family transporters,
as well as metal transcription factors (MTF-1/2) and Zn storage
proteins (77). Prior to the findings by Botella et al. (74), there
was an emphasis on Zn deprivation as the key antimicrobial
strategy in innate immune cells, based on inference from the
function of metallothionein and calprotectin. Recently, the use
of gene expression studies in conjunction with total metal
analysis and fluorescent microscopy has allowed better detec-
tion of Zn and its mobilization within innate immune cells.
Immunofluorescence microscopy of macrophages infected
with M. tuberculosis indicated that Zn was released from intra-
cellular stores (metallothionein) and trafficked into mycobac-
terial-containing phagosomes (74). Likewise, internalization of
S. pyogenes correlated with the release of Zn within human neu-
trophils (71).

This increase in Zn within innate cells has also been observed
during fungal infections. Metal analysis demonstrated that total
Zn content was increased within activated macrophages
infected with the fungal pathogen Histoplasma capsulatum
(78). This was the result of increased Zn import via the ZIP2
importer, but the Zn ion was then distributed to intracellular

TABLE 2
Phenotypic characterization of bacterial mutants that are impaired in Zn detoxification (export)

Bacterium Strain
Export

determinant Host model (infection mode)
Phenotype relative to the wild

type strain Reference

E. coli BW25113 zntA Human macrophages Decreased intracellular survival [73]
EC958 Human neutrophils Decreased intracellular survival McEwan laboratory,

unpublished
H. pylori P149 cznABC Gerbil (oral-gastric) Decreased bacterial load in the

stomach
[74]

M. tuberculosis GC1237 ctpC Human macrophages Decreased intracellular survival [73]
Mice (intranasal) No difference in bacterial

burden in the lung; no
difference in survival

[73]

S. pyogenes 5448 czcD Human neutrophils Decreased survival [70]
Mice (subcutaneous) Decreased survival [70]
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organelles such as the Golgi apparatus via Zn transporters
ZnT4 and ZnT7 or bound to metallothionein (78).

By contrast, LPS binding to the TLR4 receptor does not trig-
ger Zn import into the macrophage. Instead, it rapidly increases
the expression of the ZIP8 importer located on the lysosomal
membrane (79, 80). However, this action also elevates the free
Zn levels in the cytosol, which can trigger the production of
inflammatory cytokines, resulting in T-cell proliferation (81,
82). Despite occurring through different mechanisms, both
bacterial and fungal infections result in increased free Zn within
innate immune cells. As prolonged inflammatory response can
be detrimental to the host, it must be regulated to minimize
tissue damage. Recently, this role of Zn as a signaling molecule
has been further defined by demonstrating that the elevated Zn
within monocytes and macrophages results in dampening of
the inflammatory response via a negative feedback loop (80).
The elevated cytosolic Zn within monocytes and macrophages
(imported via ZIP8) was shown to suppress NF-�B signaling,
leading to decreased expression of cytokines such as IL-6 and
TNF-�, which in turn leads to decreased inflammation (80).
Thus, it is clear that Zn is central to the control of the inflam-
matory response in response to infection.

Trafficking of Cu and Zn to Sites of Infections

The biodistribution of Cu in whole animals and humans has
been studied extensively following exogenous administration
of synthetic Cu salts and complexes, although not always coin-
cident with bacterial infection (83, 84). In most cases, the Cu
was trafficked to the liver and kidney, as would be expected
from our current understanding of mammalian Cu transport
and metabolism (85). By contrast, little is known regarding the
status of endogenous Cu at sites of infection.

Direct evidence that Cu may be mobilized to sites of infection
is provided by two recent studies. These detected an increased
Cu concentration in granulomatous lesions from guinea pigs
that were infected with M. tuberculosis when compared with
the uninfected control (13), and a significant accumulation of
Cu in urine of patients with urinary tract infection by uropatho-
genic E. coli when compared with urine from healthy subjects
(12). In retrospect, the latter is not altogether surprising. It is
well documented that Menkes patients are subject to recurring
urinary tract infections (86, 87). Menkes disease is a disorder of
Cu metabolism due to genetic defects in ATP7A, and clinical
manifestations of this disease often mimic Cu deficiency.

Gene expression analyses of bacteria that were isolated from
infected niches in the animal host have provided further sup-
port that Cu is trafficked to sites of infection. Expression of the
cop operon was up-regulated in S. pneumoniae isolated from
the murine nasopharynx (55). Expression of the secondary
Cu(I) efflux operon cusFCBA from uropathogenic E. coli was
induced in uropathogenic E. coli isolated from the urine of
infected mice (12). Consistently, a cusFCBA mutant strain was
attenuated in this animal model (12). An increase in the expres-
sion of copA was also detected (12), but the role of this gene in
the virulence of uropathogenic E. coli has not been established.4
Similarly, expression of ctpV from M. tuberculosis was highly

up-regulated in mice lungs. By contrast, there was little change
in mctB expression under the same conditions (88). This con-
tradicts results from phenotypic characterization, which found
only mctB and not ctpV to be essential for virulence (13, 64).
These findings indicate that gene expression patterns do not
always correlate with the importance of the gene in pathogen-
esis and may point to a complex role for Cu that is yet to be fully
understood.

As described earlier, the main consideration with regard to
Zn at the host-pathogen interface has been the role of nutri-
tional immunity. In this context, the innate immune system
prevents Zn acquisition by a bacterial pathogen (2). In this pro-
cess, Zn is redistributed to various tissues such as the liver,
resulting in decreased serum Zn levels. This process can occur
through the IL-6-dependent up-regulation of ZIP14, the Zn
transporter responsible for accumulating Zn in hepatocytes
(89). Plasma Zn is also depleted, and the mechanism appears to
involve metallothionein, which is accumulated in the liver in its
Zn-bound form following stimulation by inflammatory cyto-
kines such as IL-1 (90).

Zn nutritional immunity is also exemplified by the action of
the human protein calprotectin, which sequesters Zn and Mn
and starves the bacterial pathogen of these trace metal nutri-
ents (91). Calprotectin is found abundantly in neutrophil extra-
cellular traps, which represent a key mode of extracellular bac-
tericidal killing by neutrophils (92). Here it needs to be noted
that calprotectin probably only exerts its effect once it is
released from the neutrophil (93, 94). Nevertheless, it may be
the case that there are specific niches where local elevation of
Zn is linked to its antimicrobial action. For example, it has been
shown that Zn is elevated in the nasopharynx upon a challenge
by S. pneumoniae (45). Thus, the antimicrobial action of the
elevated Zn may be associated with mucosal surfaces.

Conclusions

This review presents a now considerable body of data consis-
tent with the hypothesis that Cu and Zn toxicity can contribute
to the clearance of bacterial pathogens. This has led to the
intriguing concept of the “brass dagger” in innate immunity
(30), which then raises the question of how such a bactericidal
mechanism could be integrated into the complex immune sys-
tem of mammals. However, we suggest that the mechanisms
behind the antibacterial actions of Cu and Zn may be more
complicated than the simplistic view proposed by this model.

The systemic movements of Cu, Zn, and Fe in response to
bacterial infection are well documented. In the case of Zn, it is
clear that movement of this ion is central to the control of
inflammation and innate immune function. Trafficking of Zn to
intracellular locations may enhance the bactericidal capability
of macrophages and neutrophils. In such circumstances, robust
defenses against elevated Zn would be a requirement for a suc-
cessful intracellular bacterial pathogen. However, the question
of the bacterial niche still needs to be considered. Locally ele-
vated levels of Zn may well play a role in controlling growth of
extracellular mucosal pathogens, as already evidenced in the
case of S. pneumoniae in the nasopharynx (45).

The situation is more complex for Cu as increases in Cu
levels in the serum or at sites of infection are usually associated4 M. E. Achard and A. G. McEwan, unpublished results.
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with an increase in the production of ceruloplasmin (95, 96).
Ceruloplasmin is a ferroxidase and is a key component of Fe
homeostasis, but it is also a major Cu store in cells as it binds six
Cu ions in the active site. Fe transport and regulation are linked
intimately with the inflammatory response, where removal
away from sites of infection is the norm. Based on our current
understanding of eukaryotic Fe homeostasis, movement of Fe
out of cells depends on the efflux of ferrous iron via ferroportin,
and this requires the ferroxidase activity of ceruloplasmin (97,
98). Assembly of holo-ceruloplasmin in the host endoplasmic
reticulum or Golgi relies on the transport of Cu via the Cu-
transporting ATP7B (99). As ATP7B is not found outside the
liver, in macrophages, this Cu transporter is presumed to be
ATP7A. Thus, although it is not surprising that engulfed patho-
gens encounter elevated Cu in macrophages, it is difficult to
separate a direct bactericidal effect of Cu ions from their key
role in facilitating the removal of Fe from the macrophage.

Whatever the relative importance of the two processes, it
does follow that possession of a Cu tolerance system would
enhance bacterial survival. In the case of some pathogens such
as S. pneumoniae, it appears that loss of copA is sufficient to
reduce survival within macrophages and in an animal model
(Table 1). However, professional intracellular pathogens such
as S. enterica and M. tuberculosis have more robust defenses
against Cu, and thus the loss of copA does not always have a
clear effect on their pathogenesis (Table 1). These inconsistent
phenotypes clearly illustrate the need to examine precisely
when, where, and how Cu exerts its effects on the innate
immune system. Central to future studies, at least in macro-
phages, is the requirement to directly determine whether Cu is
elevated in the same phagosomal compartment where the bac-
terial pathogen is located. The systematic cataloguing of viru-
lence phenotypes of Cu detoxification mutants in various infec-
tion models and at various infection niches, even when there
are no clear effects, will also be increasingly important.
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Several independent studies have recently converged upon
the conclusion that the human bacterial pathogen Mycobac-
terium tuberculosis encounters copper during infections. At
least three independently regulated pathways respond to
excess copper and are required for the full virulence of
M. tuberculosis in animals. In this review, I will discuss the
functions of the best-characterized copper-responsive pro-
teins in M. tuberculosis, the potential sources of copper dur-
ing an infection, and remaining questions about the interface
between copper and tuberculosis.

Mycobacterium tuberculosis is the causative agent of the res-
piratory disease tuberculosis, infects nearly one-third of the
world’s population, and kills about 1.5 million people annually
(WHO Global Tuberculosis Report 2014). M. tuberculosis is
transmitted from person-to-person via aerosolized drop-
lets created by coughing or sneezing, and only naturally infects
humans. Although one might assume that M. tuberculosis does
not have to adapt to widely variable external conditions like
other microbes in the environment, the human body provides
numerous challenges to which M. tuberculosis must adjust.
These include toxic chemicals (reactive oxygen and nitrogen
species), changes in temperature (e.g. from the inside of a
human macrophage to an aerosol droplet in transit to the next
host; fever), and accessibility to nutrients. Over the years the
concept of “nutritional immunity” has become increasingly
appreciated; several studies have determined that an infected
host can sequester essential metals to prevent microbial patho-
genesis (1). For example, Fe sequestration by mammalian host
proteins during infections has been appreciated for decades.
More recently, it has been determined that calprotectin, which
is present in abundant amounts in neutrophils, is recruited to
sites of infection to sequester Zn and Mn during Staphylococcus
and Salmonella infections (2, 3). Strikingly, several studies
almost simultaneously determined that the toxicity of excess
Cu plays a critical role in suppressing M. tuberculosis infections
and that different pathways contribute to Cu resistance in

M. tuberculosis (4 – 8). Thus, in contrast to Fe, Mn, and Zn, Cu
appears to co-localize with bacteria to limit their growth.

Early Clues of the Importance of Metal Transporters
during M. tuberculosis Infections

The first evidence that Cu may play an important function
during tuberculosis came from transcriptional analysis of
M. tuberculosis grown in mice versus in culture. Several genes
encoding putative cation transporters, which are integral cyto-
plasmic membrane proteins, are more highly expressed in bac-
teria isolated from mice than from broth culture and are found
in an in vivo expressed genomic island (9). One of the genes in
this locus was eventually determined to encode a Cu-sensing
transcription factor known as CsoR for copper-sensitive
operon repressor (8). CsoR is the founding member of a family
of Cu-sensing transcriptional repressors in numerous Gram-
positive and acid-fast bacterial species, and has a novel distinc-
tive helical structure. In M. tuberculosis, CsoR binds to opera-
tor sequences as a dimer, with each monomer coordinating a
�1 Cu ion (Cu�). Later studies determined that CsoR regulates
a single promoter, csoRp, which controls the expression of a
four-gene operon. Metallation of CsoR leads to a derepression
of this operon, resulting in its expression in the presence of Cu.
Included in this operon is ctpV (cation transport protein V), one
of the cation transporter genes identified in the in vivo
expressed genomic island (Fig. 1, dark green pathway) (6, 8).
Several years earlier, ctpV was identified as a gene that is up-
regulated in cultured human macrophages, further suggesting
that it may be important during infection (10). Ultimately, ctpV
was deleted and disrupted from M. tuberculosis and shown to
have a Cu-sensitive phenotype in vitro and an attenuated
growth phenotype in a guinea pig infection model. Interest-
ingly, a ctpV mutant does not have a phenotype in a mouse
model of infection (5); however, tuberculosis infections in mice
do not always represent all aspects the human disease.

Based on the finding that a Cu-sensing regulator was induced
in mice, Talaat and co-workers (11) hypothesized that Cu may
induce the expression of other genes important for the patho-
genesis of M. tuberculosis. Numerous genes are strongly
induced when M. tuberculosis is treated with Cu sulfate, includ-
ing several transcription factors and many genes of unknown
function (11).

At about the same time Talaat’s group (11) concluded that
Cu played a role during tuberculosis infections, one of the first
bacterial metallothioneins was discovered in M. tuberculosis
(12). Metallothioneins are generally small, cysteine-rich pro-
teins that bind metal ions and protect cells from metal overload.
Nathan and colleagues (12) determined that expression of
mymT (Mycobacterium metallothionein) in the non-patho-
genic saprophyte Mycobacterium smegmatis confers resistance
to a compound called ebselen (2-phenyl-1,2-bensioselenazol-
3(2H)-one). Because Ebselen was known to interact with met-
allothioneins (13), this led to the hypothesis that MymT was a
metallothionein. Indeed, the Nathan laboratory determined
that MymT binds up to six Cu� ions and protects M. tubercu-
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losis from Cu toxicity in vitro. Although deletion of mymT
results in increased Cu sensitivity in vitro, a mymT mutant is as
virulent as wild type M. tuberculosis in mice (12).

Gatekeepers of Cu Entry

Mycobacteria have an unusual and non-canonical outer
membrane referred to as the mycobacterial outer membrane
(“MOM”).2 Although this feature might categorize Mycobacte-
rium as a Gram-negative genus, mycobacteria do not colorize
properly using Gram-staining methods and are thus referred to
as “acid-fast” organisms. Despite lacking a traditional Gram-
negative outer membrane, the Niederweis group (14) deter-
mined that some mycobacteria possess outer membrane chan-
nel-forming proteins including porins. Among the putative
MOM proteins, the Niederweis group (4) identified MctB

(mycobacterial copper transport protein B), which is required
for Cu resistance (Fig. 1). Although it was initially believed to be
a MOM protein, a more recent study suggests that it is a cyto-
plasmic membrane protein (15). The link between MctB func-
tion and Cu resistance was a fortuitous discovery; deletion of
mctB in M. smegmatis results in a strong growth defect when
the bacteria are inoculated onto a specialized mycobacterial
medium called Middlebrook 7H10 (“7H10”) agar, but not when
they are inoculated onto Luria-Bertani (LB) agar. Niederweis
and colleagues (4) ultimately determined that it was the pres-
ence of Cu in 7H10 agar that limited the growth of the mctB
mutant. A deletion mutation in mctB of M. tuberculosis, a spe-
cies that does not grow on LB agar, also results in a growth
defect on 7H10 agar. More importantly, the mctB mutant is less
fit for growth in mice and guinea pigs. Similar to the ctpV data,
the attenuated phenotype of the mctB mutant is more dramatic
in guinea pigs than in mice. Supplementation of the animals’
drinking water with Cu, however, decreases the bacterial bur-

2 The abbreviations used are: MOM, mycobacterial outer membrane; Cp,
ceruloplasmin; MCO, multicopper oxidase.

FIGURE 1. M. tuberculosis and macrophage Cu homeostasis pathways. M. tuberculosis is found predominantly in phagocytic cells such as macrophages.
Infection of macrophages by M. tuberculosis and other pathogens can lead to the production of IFN�, which induces expression of Ctr1 and ATP7A on the host
side of the interaction. Cu homeostasis on the host side proceeds as follows. Cp is a multicopper oxidase that converts ferrous iron (Fe2�) to ferric iron (Fe3�)
throughout the body, Ctr1 is a high-affinity Cu� transporter that transfers Cu to Atox1, a cytosolic Cu� chaperone (reviewed in Ref. 30). Cu� can then be
transferred to the P-type ATPase ATP7A, which can pump Cu� into the phagosome. ATP7B is another P-type ATPase that is essential for normal mammalian Cu
homeostasis but has not yet been implicated in microbial pathogenesis (reviewed in Ref. 31). On the pathogen side, M. tuberculosis (light green) has at least
three independent Cu-responsive pathways as described in the text. The CsoR regulon gene products are in dark green, RicR regulon gene products are in dark
blue, and proteins of unknown regulation are in gray. Cu ions are depicted in light blue.
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den of the mctB mutant, whereas the parental M. tuberculosis
strain is not dramatically affected for growth under these
conditions.

Wolschendorf et al. (4) determined that MctB is important
for maintaining normal Cu levels in the cytosol of mycobacte-
ria. Interestingly, the authors of this study also determined that
M. tuberculosis has about 100 times less Cu in the cytosol than
M. smegmatis (4). It is possible that this reflects proteomic dif-
ferences between the bacteria; M. smegmatis has a genome that
is about twice the size of the M. tuberculosis genome, and may
thus encode more Cu-binding proteins or other Cu-chelating
molecules.

More recently, the Wolschendorf group (15) determined
that porins are important for Cu homeostasis in M. smegmatis.
Although porin genes have not yet been identified in M. tuber-
culosis, there is some evidence to suggest this pathogen uses one
or more porins for Cu uptake. Speer et al. (15) showed that
incubation of M. tuberculosis with spermine, which can block
porin-mediated transport, protects bacteria in media with oth-
erwise toxic Cu levels, suggesting that one or more porins exist
in M. tuberculosis that allow Cu into this bacterium.

Cu Regulation, Resistance, and Alien Genes

In yet another independent but coincidental study, my labo-
ratory identified a third Cu homeostasis system called the reg-
ulated in copper repressor (RicR) regulon (6). In a microarray
analysis of three M. tuberculosis H37Rv strains defective for
proteasomal protein degradation, my colleagues and I identi-
fied several genes that are repressed for expression when com-
pared with expression in a wild type strain. Proteasome-depen-
dent protein degradation is essential for the pathogenesis of
M. tuberculosis, and it is likely that proteolysis is linked to sev-
eral pathways responsible for virulence. Ultimately, my col-
leagues and I determined that several of the genes repressed in
proteasome-defective M. tuberculosis are also highly expressed
in the presence of Cu (11). One gene, RicR (Rv0190), is a homo-
logue of M. tuberculosis CsoR. RicR regulates the expression of
genes from six different promoters, including its own, distrib-
uted throughout the M. tuberculosis genome. Under low Cu
conditions, RicR represses the expression of the genes encoding
a multicopper oxidase (mmcO), two putative membrane pro-
teins (lpqS and Rv2963), Mycobacterium metallothionein
(mymT), and two putative open reading frames called socAB
(Fig. 1). All of these genes include a palindromic sequence near
the �10 region of their promoters that is required for RicR
binding and repression in the absence of Cu (6).

RicR is conserved in many Gram-positive bacterial species
and, as mentioned previously, highly similar to CsoR. Interest-
ingly, RicR is more similar to CsoR orthologues in other bacte-
ria than M. tuberculosis CsoR. The crystal structure of the RicR
orthologue in Streptomyces lividans (CsoR) revealed a dimer of
tetramers configuration (16). Based on this, my colleagues and I
presume that RicR binds to DNA as a dimer of tetramers in
M. tuberculosis, with each monomer capable of binding a Cu�

ion, leading to their release from DNA.
The RicR regulon genes, with the notable exception of ricR

itself, are almost all exclusively found in pathogenic mycobac-
teria, suggesting that the RicR Cu response is important during

infections. Almost nothing is known about lpqS, a putative lipo-
protein gene, or Rv2963, a putative permease gene. Genetic
disruption of lpqS or Rv2963 alone does not lead to Cu sensi-
tivity, and their roles in pathogenesis are unclear; transposon
mutations in either gene result in hypervirulence. However,
this phenotype could not be rescued by restoring a wild type
copy of the respective genes into the mutants. Thus, it remains
to be determined what the functions of these putative mem-
brane proteins are in M. tuberculosis physiology.

In contrast to LpqS and Rv2963, MmcO has high similarity to
several well characterized multicopper oxidases (MCO)/fer-
roxidases in other domains of life (17, 18). In eukaryotes from
yeast to humans, MCOs oxidize Fe2� to Fe3�, making it less
toxic to cells. MCOs such as Saccharomyces cerevisiae Fet3p
facilitate the receptor-mediated transport of Fe into cells (19).
Interestingly, MmcO is lipidated (18) and, like Fet3p in yeast, is
membrane-anchored in M. tuberculosis, although most if not
all known bacterial MCOs are soluble periplasmic proteins.
Fet3p, along with the Fe permease Ftr1p, is involved in Fe trans-
port and also provides Cu resistance in yeast (20); therefore, my
colleagues and I speculated that MmcO may perform similar
functions in M. tuberculosis. It was previously determined that
a related periplasmic MCO in the Gram-negative bacterium
Pseudomonas aeruginosa was important for Fe acquisition (21).
However, experiments in my laboratory to test this hypothesis
have so far proved negative for M. tuberculosis.3 Furthermore,
deletion of mmcO in M. tuberculosis results in a Cu-sensitive
phenotype that is observed using an agar plate-based assay, but
not a liquid-based assay. This result differs from the more
robust Cu-sensitive phenotype observed with a mymT mutant
that has phenotypes both in liquid and on solid medium (12, 18,
22). Like a mymT mutant, an mmcO mutant is not attenuated
for virulence in a mouse infection model (22).

Because mymT and mmcO mutants have Cu-sensitive phe-
notypes in vitro but no apparent virulence defect in vivo, Shi et
al. tested a double mymT mmcO mutant for these phenotypes.
Although a double mutant is more sensitive to Cu in vitro than
either single mutant, it is still as virulent as wild type M. tuber-
culosis in mice (22). Taken together, it appears that the func-
tions of MymT and MmcO are to combat excess extracellular
Cu but that they are not critical for virulence in at least one
animal infection model.

MymT was not annotated prior to the study by Gold et al.
(12), most likely due to its small size (53 amino acids) and lack of
homology to any known protein. Like mymT, socAB was also
not annotated in the M. tuberculosis H37Rv genome, and only
socB was annotated as an open reading frame in the M. tuber-
culosis CDC1551 genome (6). socAB encodes what are pre-
dicted to be two highly basic small proteins, each of about
50 – 60 residues. Of all of the RicR-regulated genes, socAB are
only found in the “tuberculosis complex” of mycobacteria that
are generally associated with human and other mammalian
infections. A transposon insertion mutation in socA, which is
likely to inactivate socB as well, does not affect Cu resistance or
virulence of M. tuberculosis H37Rv. Thus, like lpqS and Rv2963,
the functions of these genes remain to be determined.

3 X. Shi and K. H. Darwin, unpublished observations.
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It is noteworthy that the socAB locus is so “alien” that we
cannot identify related sequences in any organism or bacterio-
phage to date. That RicR controls its expression is intriguing.
Did the tuberculosis complex acquire socAB to allow it to be a
better pathogen in humans and other mammals? Perhaps these
genes, as well as others in the RicR regulon, are required during
specific phases of infection in higher mammals.

Because inactivation of one or two RicR-regulated genes has
no effect on virulence in mice, Shi et al. tested the hypothesis
that the entire regulon needs to be inactivated to observe a
phenotype. Based on the CsoR structure, Shi et al. could predict
which residues in RicR might be important for coordinating Cu;
mutagenesis of one or more of these amino acids could render
RicR “Cu-blind” (and thus DNA-bound even in the presence of
Cu), resulting in the constitutive repression of the entire regu-
lon. Because RicR represses the ricR promoter, Shi et al. made a
construct where the RicR-binding site was mutated to allow
constitutive expression (“ricRpc”), and where the ricR coding
sequence was mutated to prevent Cu binding (“RicRC38A”);
thus, RicRC38A would be constitutively expressed to repress the
other RicR-regulated promoters. This construct, “ricRpc-
ricRC38A”results in M. tuberculosis that is highly sensitive to Cu
in vitro and, more importantly, attenuated in mice (22). Inter-
estingly, a control strain that constitutively expresses wild type
ricR (“ricRpc-ricR�) is more resistant to Cu than wild type
M. tuberculosis; this may be due to elevated levels of RicR,
which could act as a sink for Cu�.

It is important to consider that not all Cu-regulated genes
may be necessary for Cu homeostasis. For example, Cu may act
as a signal to indicate that M. tuberculosis has entered an envi-
ronment that requires the expression of specific genes needed
to deal with Cu-independent stresses within a macrophage.
Because LpqS, Rv2963, and SocAB do not appear to be required
for Cu resistance, perhaps they counteract other yet-to-be-
identified antimicrobial factors in the host.

Copper, Copper Everywhere

Where exactly does M. tuberculosis (or any pathogen)
encounter Cu? Several studies in the last few years have strongly
indicated that microbes sense Cu and other metals during
infections. Petris and colleagues (23) showed early on that the
eukaryotic Cu transporter ATP7A contributes to restricting
bacterial growth in cultured macrophages. The Petris group
showed that cultured macrophages in which ATP7A gene
expression is silenced do not control the growth of a non-path-
ogenic Escherichia coli strain as well as control macrophages
can. Because M. tuberculosis is mainly found in phagocytic
cells, it would not be surprising if ATP7A were important for
controlling mycobacterial growth as well, a hypothesis my col-
leagues and I are currently testing.

Another potential source of Cu is ceruloplasmin (Cp). Cp is a
multicopper oxidase that oxidizes Fe2� to Fe3�, and is found in
blood plasma and thus in most if not all parts of the body (24).
Although the Cu in Cp has not been previously considered as a
source of antimicrobial activity, it could nonetheless have the
potential to affect infection. For example, phagocytes may take
up Cp, after which phagolysosomal proteases could break down
Cp and release its Cu. If bacteria happen to be in the same

compartment, the released Cu could potentially kill the
microbe in parallel to the ATP7A-dependent mechanism pro-
posed by Petris and colleagues (23). Because microbes typically
induce an immune response that leads to the acidification of the
phagolysosomal compartment, one could also imagine that the
acidic pH would maintain Cu in its most toxic form (Cu�).
Thus, it will be interesting to see if animals that are deficient in
Cp are more susceptible to infection by M. tuberculosis or other
intracellular pathogens such as Salmonella.

Lots of Remaining Questions

Although much research has revealed that M. tuberculosis
uses several independent pathways to deal with Cu toxicity,
several key questions remain. For one, mctB is not CsoR- or
RicR-regulated and therefore represents a third independent
Cu resistance pathway. The mechanism of regulation of mctB is
unknown. Furthermore, the mechanism of action of many Cu-
responsive proteins has yet to be determined. CtpV appears to
be required for Cu export, but this has not been shown defini-
tively. All Ctp proteins are P-type ATPases, and there are 11 Ctp
proteins in M. tuberculosis; although not all of them are regu-
lated in a Cu-dependent manner, we cannot rule out that one or
more of them function in Cu efflux. Interestingly, CtpA and
CtpB are predicted to be Cu-binding ATPases, (25, 26). If they
do indeed bind Cu, it is possible these are required for metal-
lating extra-cytoplasmic Cu-binding proteins. Also, it is curious
as to why an organism such as M. tuberculosis requires two
distinct Cu-responsive regulons, which begs to ask if there is a
biphasic, fine-tuned, temporal response to Cu in the host. Addi-
tionally, a Cu chaperone, with features of well characterized Cu
chaperones (27), has not been identified in M. tuberculosis. It is
possible that there is no protein chaperone, or that there is a
non-classical type of chaperone, or that mycobacteria use one
or more small molecules such as mycothiol to mobilize Cu.
However, this last option seems unlikely as it would not be clear
how this could be carefully regulated. Along these lines,
although it is generally presumed that most Cu-binding pro-
teins work outside of the cytoplasm, Cu nonetheless enters the
bacterial cytoplasm and interacts with proteins such as the
transcriptional regulators CsoR and RicR and the metallothio-
nein MymT; how then is the metal displaced from the regulator
and disposed of to restore transcriptional repression? It seems
unlikely that mycothiol or similar molecules would be sufficient
to deal with the necessary rapid changes in Cu-regulated gene
expression.

With the advent of improved technologies for quantifying
metals in biological systems (28) as well as a growing interest in
the role of nutritional immunity in host-pathogen interactions
(29), there is little doubt that the understanding of how
microbes and their hosts regulate metal homeostasis will lead to
the improved treatment of many devastating diseases.

Acknowledgments—I thank Ricky Festa, Mick Petris, and Dennis
Thiele for lively discussions about copper and bacterial pathogenesis,
and Ricky Festa for reading a draft version of this review.

MINIREVIEW: Copper and Tuberculosis

JULY 31, 2015 • VOLUME 290 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 18965



References
1. Weinberg, E. D. (1975) Nutritional immunity: host’s attempt to withold

iron from microbial invaders. JAMA 231, 39 – 41
2. Corbin, B. D., Seeley, E. H., Raab, A., Feldmann, J., Miller, M. R., Torres,

V. J., Anderson, K. L., Dattilo, B. M., Dunman, P. M., Gerads, R., Caprioli,
R. M., Nacken, W., Chazin, W. J., and Skaar, E. P. (2008) Metal chelation
and inhibition of bacterial growth in tissue abscesses. Science 319,
962–965

3. Liu, J. Z., Jellbauer, S., Poe, A. J., Ton, V., Pesciaroli, M., Kehl-Fie, T. E.,
Restrepo, N. A., Hosking, M. P., Edwards, R. A., Battistoni, A., Pasquali, P.,
Lane, T. E., Chazin, W. J., Vogl, T., Roth, J., Skaar, E. P., and Raffatellu, M.
(2012) Zinc sequestration by the neutrophil protein calprotectin enhances
Salmonella growth in the inflamed gut. Cell Host Microbe 11, 227–239

4. Wolschendorf, F., Ackart, D., Shrestha, T. B., Hascall-Dove, L., Nolan, S.,
Lamichhane, G., Wang, Y., Bossmann, S. H., Basaraba, R. J., and Nieder-
weis, M. (2011) Copper resistance is essential for virulence of Mycobacte-
rium tuberculosis. Proc. Natl. Acad. Sci. U.S.A. 108, 1621–1626

5. Ward, S. K., Abomoelak, B., Hoye, E. A., Steinberg, H., and Talaat, A. M.
(2010) CtpV: a putative copper exporter required for full virulence of
Mycobacterium tuberculosis. Mol. Microbiol. 77, 1096 –1110

6. Festa, R. A., Jones, M. B., Butler-Wu, S., Sinsimer, D., Gerads, R., Bishai,
W. R., Peterson, S. N., and Darwin, K. H. (2011) A novel copper-responsive
regulon in Mycobacterium tuberculosis. Mol. Microbiol. 79, 133–148

7. Wagner, D., Maser, J., Lai, B., Cai, Z., Barry, C. E., 3rd, Höner Zu Bentrup,
K., Russell, D. G., and Bermudez, L. E. (2005) Elemental analysis of Myco-
bacterium avium-, Mycobacterium tuberculosis-, and Mycobacterium
smegmatis-containing phagosomes indicates pathogen-induced microen-
vironments within the host cell’s endosomal system. J. Immunol. 174,
1491–1500

8. Liu, T., Ramesh, A., Ma, Z., Ward, S. K., Zhang, L., George, G. N., Talaat,
A. M., Sacchettini, J. C., and Giedroc, D. P. (2007) CsoR is a novel Myco-
bacterium tuberculosis copper-sensing transcriptional regulator. Nat.
Chem. Biol. 3, 60 – 68

9. Talaat, A. M., Lyons, R., Howard, S. T., and Johnston, S. A. (2004) The
temporal expression profile of Mycobacterium tuberculosis infection in
mice. Proc. Natl. Acad. Sci. U.S.A. 101, 4602– 4607

10. Graham, J. E., and Clark-Curtiss, J. E. (1999) Identification of Mycobacte-
rium tuberculosis RNAs synthesized in response to phagocytosis by hu-
man macrophages by selective capture of transcribed sequences (SCOTS).
Proc. Natl. Acad. Sci. U.S.A. 96, 11554 –11559

11. Ward, S. K., Hoye, E. A., and Talaat, A. M. (2008) The global responses of
Mycobacterium tuberculosis to physiological levels of copper. J. Bacteriol.
190, 2939 –2946

12. Gold, B., Deng, H., Bryk, R., Vargas, D., Eliezer, D., Roberts, J., Jiang, X., and
Nathan, C. (2008) Identification of a copper-binding metallothionein in
pathogenic mycobacteria. Nat. Chem. Biol. 4, 609 – 616

13. Jacob, C., Maret, W., and Vallee, B. L. (1998) Ebselen, a selenium-contain-
ing redox drug, releases zinc from metallothionein. Biochem. Biophys. Res.
Comm. 248, 569 –573

14. Niederweis, M., Ehrt, S., Heinz, C., Klöcker, U., Karosi, S., Swiderek, K. M.,
Riley, L. W., and Benz, R. (1999) Cloning of the mspA gene encoding a

porin from Mycobacterium smegmatis. Mol. Microbiol. 33, 933–945
15. Speer, A., Shrestha, T. B., Bossmann, S. H., Basaraba, R. J., Harber, G. J.,

Michalek, S. M., Niederweis, M., Kutsch, O., and Wolschendorf, F. (2013)
Copper-boosting compounds: a novel concept for antimycobacterial drug
discovery. Antimicrob. Agents Chemother. 57, 1089 –1091

16. Tan, B. G., Vijgenboom, E., and Worrall, J. A. (2014) Conformational and
thermodynamic hallmarks of DNA operator site specificity in the copper
sensitive operon repressor from Streptomyces lividans. Nucleic Acids Res.
42, 1326 –1340

17. Kosman, D. J. (2010) Multicopper oxidases: a workshop on copper coor-
dination chemistry, electron transfer, and metallophysiology. J. Biol. Inorg.
Chem. 15, 15–28

18. Rowland, J. L., and Niederweis, M. (2013) A multicopper oxidase is re-
quired for copper resistance in Mycobacterium tuberculosis. J. Bacteriol.
195, 3724 –3733

19. Taylor, A. B., Stoj, C. S., Ziegler, L., Kosman, D. J., and Hart, P. J. (2005) The
copper-iron connection in biology: structure of the metallo-oxidase Fet3p.
Proc. Natl. Acad. Sci. U.S.A. 102, 15459 –15464

20. Shi, X., Stoj, C., Romeo, A., Kosman, D. J., and Zhu, Z. (2003) Fre1p Cu2�

reduction and Fet3p Cu1� oxidation modulate copper toxicity in Saccha-
romyces cerevisiae. J. Biol. Chem. 278, 50309 –50315

21. Huston, W. M., Jennings, M. P., and McEwan, A. G. (2002) The multicop-
per oxidase of Pseudomonas aeruginosa is a ferroxidase with a central role
in iron acquisition. Mol. Microbiol. 45, 1741–1750

22. Shi, X., Festa, R. A., Ioerger, T. R., Butler-Wu, S., Sacchettini, J. C., Darwin,
K. H., and Samanovic, M. I. (2014) The copper-responsive RicR regulon
contributes to Mycobacterium tuberculosis cirulence. mBio. 5, e00876-13

23. White, C., Lee, J., Kambe, T., Fritsche, K., and Petris, M. J. (2009) A role for
the ATP7A copper-transporting ATPase in macrophage bactericidal ac-
tivity. J. Biol. Chem. 284, 33949 –33956

24. Kono, S. (2013) Aceruloplasminemia: an update. Int Rev. Neurobiol. 110,
125–151

25. Novoa-Aponte, L., León-Torres, A., Patiño-Ruiz, M., Cuesta-Bernal, J.,
Salazar, L. M., Landsman, D., Mariño-Ramírez, L., and Soto, C. Y. (2012)
In silico identification and characterization of the ion transport specificity
for P-type ATPases in the Mycobacterium tuberculosis complex. BMC
structural biology 12, 25

26. Agranoff, D. D., and Krishna, S. (1998) Metal ion homeostasis and intra-
cellular parasitism. Mol. Microbiol. 28, 403– 412

27. Robinson, N. J., and Winge, D. R. (2010) Copper metallochaperones. Ann.
Rev. Biochem. 79, 537–562

28. Ward, S. K., Heintz, J. A., Albrecht, R. M., and Talaat, A. M. (2012) Single-
cell elemental analysis of bacteria: quantitative analysis of polyphosphates
in Mycobacterium tuberculosis. Front. Cell. Infect. Microbiol. 2, 63

29. Hood, M. I., and Skaar, E. P. (2012) Nutritional immunity: transition met-
als at the pathogen-host interface. Nat. Rev. Microbiol. 10, 525–537

30. Hatori, Y., and Lutsenko, S. (2013) An expanding range of functions for the
copper chaperone/antioxidant protein Atox1. Antioxid. Redox Signal. 19,
945–957

31. Lutsenko, S. (2008) Atp7b�/� mice as a model for studies of Wilson’s
disease. Biochem. Soc. Trans. 36, 1233–1238

MINIREVIEW: Copper and Tuberculosis

18966 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 31 • JULY 31, 2015



Microbial Copper-binding
Siderophores at the Host-
Pathogen Interface*
Published, JBC Papers in Press, June 8, 2015, DOI 10.1074/jbc.R115.644328

Eun-Ik Koh and Jeffrey P. Henderson1

From the Center for Women’s Infectious Diseases Research, Division of
Infectious Diseases, and Department of Internal Medicine, Washington
University School of Medicine, St. Louis, Missouri 63110

Numerous pathogenic microorganisms secrete small mole-
cule chelators called siderophores defined by their ability to
bind extracellular ferric iron, making it bioavailable to
microbes. Recently, a siderophore produced by uropathogenic
Escherichia coli, yersiniabactin, was found to also bind copper
ions during human infections. The ability of yersiniabactin to
protect E. coli from copper toxicity and redox-based phagocyte
defenses distinguishes it from other E. coli siderophores. Here
we compare yersiniabactin to other extracellular copper-bind-
ing molecules and review how copper-binding siderophores
may confer virulence-associated gains of function during infec-
tion pathogenesis.

Siderophores

Siderophores (Greek for iron carrier) are a diverse group of
specialized ferric iron(III)-binding metabolites that function to
supply iron to the microbe and are the subject of classic works
in microbial metabolism (1–3). Iron is an essential metal for
most bacteria, acting as an essential cofactor in diverse physio-
logical processes including respiration, deoxynucleotide bio-
synthesis, and DNA replication (4). The evolution of sidero-
phores is viewed as a response to the appearance of O2 in the
early atmosphere, which resulted in oxidation of soluble ferrous
iron (Fe(II)) to its relatively insoluble ferric form (Fe(III)) (5).

Siderophores are widely synthesized among microbes, with
over 500 different siderophores described. These specialized
metabolites use a chemically diverse array of metal-binding
prosthetic groups, often deployed in varying combinations
within a single siderophore. Bacterial siderophore biosynthesis
and transporter proteins are translated when intracellular iron
is low, classically following transcriptional derepression by the
global iron regulator, Fur (ferric uptake repressor) (6, 7). Sid-
erophore biosynthetic pathways can be classified as non-ribo-
somalpeptidesynthetase/polyketidesynthase(NRPS/PKS)2-de-

pendent or -independent systems. NRPS/PKS are large (�350
kDa for the yersiniabactin biosynthesis protein irp1 (8)) multi-
enzyme complexes that use a wide range of cellular substrates
to synthesize various metabolites including catecholate and
phenolate type siderophores.

Once secreted into the extracellular space, siderophores can
bind oxidized metal ions with remarkably high affinities (9).
Ferric siderophore complexes are subsequently recognized and
internalized through siderophore-specific transport machinery
in bacterial inner and outer membranes. Transport through the
Gram-negative outer membrane transporters occurs through
specialized proteins associated with the TonB protein complex,
which transduces energy from the cytoplasmic proton motive
force (3, 10, 11). Inner membrane ATP-binding cassette trans-
porters in both Gram-negative and Gram-positive organisms
transport ferric siderophore complexes, or the iron released
from them, to the cytoplasm (12–16). Once ferric siderophores
are internalized, their intracellular fate varies between different
siderophores, with reported examples of Fe(III) reduction to
Fe(II) or Fe(III)-siderophore hydrolysis. All or part of the sid-
erophore may be recycled and used again after releasing its
metal ion cargo (2, 18).

Although pathogens often carry multiple iron acquisition
systems that are redundant in laboratory culture conditions,
siderophore-dependent systems appear to play specialized
roles at the host-pathogen interface (2, 16, 19, 20). Specifically,
siderophores have been ascribed roles in liberating ferric ions
bound to host iron storage proteins or sequestered away from
pathogens within distinctive compartments. As such, sidero-
phores have long been considered a microbial solution to low
iron availability imposed by microenvironments in the infected
host (21).

Uropathogenic Escherichia coli Siderophores

E. coli recovered from infected patients or animals often syn-
thesize different siderophore types spanning three chemical
families in addition to the prototypical, genetically conserved
enterobactin siderophore system (Fig. 1) (22). Although unnec-
essary for growth in standard culture conditions, multiple sid-
erophore genes are up-regulated during E. coli urinary tract
infections (23, 24), and siderophore biosynthesis in this disease
has been demonstrated by direct mass spectrometric detection
(25). The multiplicity of siderophores synthesized by these uro-
pathogenic E. coli strains raises the question of why bacteria
would commit scarce cellular resources to synthesize chemi-
cally distinctive siderophores with a common recognized func-
tion (26).

One reason pathogenic bacteria may synthesize multiple sid-
erophore types emerged from the finding that the inflamma-
tion-associated protein siderocalin (SCN, also known as lipoca-
lin 2 (Lcn2), NGAL, or 24p3) can tightly bind the ferric complex
of the prototypical E. coli siderophore enterobactin, rendering
its iron cargo inaccessible to bacteria (27). In contrast, func-
tional data with siderophores synthesized from the three genet-
ically non-conserved E. coli siderophore systems (salmochelin,
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yersiniabactin, and aerobactin) suggest that these do not bind
to SCN, leading to their categorization as “stealth siderophores”
along with other non-E. coli siderophores with this property.
SCN-deficient mice exhibit increased susceptibility to blood-
stream infections with E. coli that produce enterobactin as
its sole siderophore, consistent with a physiologic role for this
SCN-enterobactin binding interaction (28, 29). In the human
urinary environment, this situation can be reversed, with

enterobactin becoming necessary to liberate iron from SCN-
bound ferric complexes that form with urinary catechol metab-
olites (30).

An additional rationale for synthesizing salmochelin (a more
polar, glucose-conjugated version of enterobactin) is suggested
by measurements showing that this siderophore partitions into
cellular membranes less than enterobactin, which may allow it
to more effectively scavenge ferric ions in membrane-rich host
environments (31). Finally, using siderophores with different
pH optima for ferric ion binding may allow uropathogenic
E. coli to adapt to a wider range of host environments. Aerobac-
tin, for example, may be a better iron scavenger in low pH envi-
ronments where protonation diminishes the ferric ion affinity
of catecholate siderophores (32, 33). Together, these findings
suggest that siderophores’ remarkable chemical diversity, even
within a single bacterial strain, may represent chemical co-
evolutionary responses to numerous selective pressures within
vertebrate hosts.

Cupric Yersiniabactin in Human Infections

The phenolate/thiazoline-based yersiniabactin (Ybt) sidero-
phore system was first described in pathogenic Yersinia species
and subsequently found to be the most frequently expressed,
genetically non-conserved siderophore system in uropatho-
genic E. coli (22, 34 –36). Ybt is synthesized by a large NRPS/
PKS complex that has been successfully reconstituted in vitro
and assembles Ybt through a succession of phosphopanteth-
eine-bound intermediates (37, 38). These biosynthetic genes
are encoded alongside metabolic, transport, and transcription
factor genes in the genetically mobile, multi-operon Yersinia
high pathogenicity island (11, 39).

Although siderophores are known for ferric metal binding, in
vitro binding of non-ferric metal ions has been widely noted
(40 – 44). To identify the metals that bind Ybt in a biologically
relevant environment, Chaturvedi et al. (25) devised an LC-
constant neutral loss mass spectrometric screen using a yers-
iniabactin-specific MS/MS fragmentation pathway. When Ybt
was mixed with pooled urine samples from healthy human
donors, LC-constant neutral loss screen identified a chromato-
graphic peak corresponding to a new metal-yersiniabactin
complex. Accurate mass values and isotope pattern matched
that of a cupric yersiniabactin (Cu(II)-Ybt) complex. This com-
plex was replicated using defined components in vitro when
Ybt was titrated with cupric sulfate solution, producing a visibly
blue-colored complex. LC-MS/MS analysis detected Cu(II)-
Ybt in urine from urinary tract infection patients infected with
yersiniabactin-producing E. coli, demonstrating the physio-
logic relevance of copper binding by yersiniabactin. Cu(II)-Ybt
was also detected in urine and bladder tissue from mice exper-
imentally infected with UTI89, a model yersiniabactin-produc-
ing uropathogenic E. coli strain. Interestingly, the Cu(II)-Ybt/
Fe(III)-Ybt molar ratio in both human and mouse specimens
was consistently greater than 1, suggesting that Ybt binds host-
derived copper at least as extensively as Fe(III) during infections
(25).

These findings provide direct mass spectrometric evidence
that yersiniabactin is produced during human urinary tract
infections and that metal availability and yersiniabactin metal

FIGURE 1. Uropathogenic E. coli siderophores. Pathogenic E. coli isolates
synthesize multiple siderophore types known to coordinate Fe(III) with a vari-
ety of functional groups (22).
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affinities are such that copper complexes exceed iron com-
plexes. The observed excess copper complexes may reflect host
responses that limit siderophore-accessible iron (nutritional
immunity) as well as inflammation-associated processes that
increase copper availability at the host-pathogen interface (19,
45, 46). The presence of a virulence-associated, copper-binding
siderophore in E. coli may reflect an adaptive response to the
distinctive physiologic metal composition that arises in infec-
tion microenvironments (21). Yersiniabactin may play a similar
role in Yersinia pestis, where it is linked to virulence in experi-
mental animal models (12, 47). Common structural features of
yersiniabactin and other biological copper-binding molecules
may facilitate identification of analogous biological copper car-
riers in other microbial pathogens.

Structural Features of Biological Copper-binding
Molecules

Although yersiniabactin is currently the best-described
example of a siderophore shown to bind copper in the host,
other examples may await discovery. Structural features of well
known extracellular copper carriers may assist identification of
currently unappreciated copper binders among pathogen-asso-
ciated siderophores. In the mammalian host, the prototypical
extracellular copper carrier is ceruloplasmin, which carries up
to 95% of circulating copper and rises and falls with copper
excess and deficiency, respectively (48). An �2-kDa urinary
copper-binding molecule has also been observed in copper-
overloaded mice but has not been structurally characterized
(49). Copper ions bound to ceruloplasmin are critical compo-
nents of its multi-copper oxidase function, which is essential for
normal mammalian iron homeostasis. Ceruloplasmin harbors
six copper atoms in three distinct copper sites, as is typical of
the conserved multi-copper oxidase family (50). Ceruloplasmin
contains three type I “blue copper” sites, two of which coordi-
nate a single copper ion using a cysteine residue, a methionine
residue, and two histidine residues (Fig. 2a). The other three
copper ions form a histidine-rich trinuclear copper cluster in
which four histidine imidazole nitrogens coordinate one type II
copper and three histidine residues coordinate two type III cop-
per ions (51). These six copper atoms are required to achieve
the final conformation-driven state and are incorporated dur-
ing ceruloplasmin biosynthesis late in the secretory pathway
(52). Although an array of negatively charged groups might
effectively coordinate copper, it is notable that cuproproteins
often use histidine imidazole nitrogens for this purpose. Indeed
this is a useful basis for identifying new cuproproteins from
genomic databases (53, 54). Incorporation of analogous nitro-
gen-containing heterocycles into protein and non-protein
microbial products may confer a similar copper binding
preference.

Among prokaryotes, a new family of copper binding, sidero-
phore-like, natural products has recently been described
among methanotrophic Gram-negative bacteria from environ-
mental sources. Methanobactins (Mb) are a family of small
molecules secreted into the extracellular space to scavenge cop-
per for nutritional purposes (for detailed review, see Ref. 42).
These chalkophores (Greek for copper carriers) help satisfy the
high copper demand resulting from biosynthesis of particulate

methane monooxygenase, which permits methanotrophs to
use methane as their sole carbon source (55, 56). There are
numerous similarities between Mb and Gram-negative bacte-
rial siderophore systems. Gram-negative siderophores and Mb
are actively transported through the outer membrane by TonB-
dependent transporters and possess distinctive heterocyclic
structural elements involved in metal binding (43, 57). As in
most cuproproteins, biophysical studies of Mb implicate hetero-
cyclic nitrogens (oxazolones for Mb) in copper ion coordina-
tion (Fig. 2b). Use of these chemical groups to bind copper in
Mb raises the possibility that previously described mechanisms
for nitrogen heterocycle incorporation into other peptides and
natural products (reviewed by Walsh et al. (58)) may facilitate
copper binding in some of these molecules.

Yersiniabactin is an NRPS/PKS product that lacks the pep-
tide backbone of Mb and possesses three nitrogen-sulfur het-
erocycles whose nitrogens participate in co-planar ferric ion
binding identified in crystallographic structures (59, 60). Quan-
tum mechanical modeling using density functional theory pre-
dicts a similar coordination environment for Cu(II)-Ybt, in
which the three heterocyclic nitrogens (two thiazoline and one
thiazolidine) and the phenolate oxygen contribute to a typical
square planar configuration around Cu(II) (Fig. 2c). However,

FIGURE 2. Extracellular copper-binding molecules. a, ceruloplasmin has six
copper-binding sites of which three are type I copper centers coordinated
with two histidine residues, a cysteine residue and a methionine residue (48).
b, methanobactin structures contain a recognizable peptide backbone with
distinctive oxazolone heterocycles, which are implicated in copper ion coor-
dination (43). c, yersiniabactin has three heterocyclic nitrogens (two thiazo-
line and one thiazolidine) that contribute to a square planar configuration
around Cu(II) alongside the phenolate oxygen (61).
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in contrast to other metal-Ybt complexes, Cu(II)-Ybt is pre-
dicted to exist as two closely related linkage isomers with one
having an open penta-coordinate site arising from differential
interaction with the terminal carboxylic acid group (61, 62). A
similar phenolate-thiazoline role in copper binding may occur
with pyochelin, a related siderophore from the opportunistic
pathogen Pseudomonas aeruginosa, in which UV-visible analy-
sis indicates formation of an in vitro Cu(II) complex (41). The
consistent appearance of nitrogen-containing heterocycles in
ceruloplasmin, methanobactin, and yersiniabactin metal-bind-
ing sites suggests a particularly important role for this struc-
tural element in binding copper. More examples of copper-
binding molecules are necessary to properly evaluate this
association and to predict biologically meaningful copper bind-
ing activity among microbial siderophores.

Copper-binding Siderophores as a Defense Against
Host-derived Copper Toxicity

Secreted copper-binding molecules may have evolved in
pathogens to neutralize the antibacterial activity of copper (for
recent reviews, see Refs. 46, 63, and 64). Although inflamma-
tory responses classically limit transition metal bioavailability,
copper appears to be a notable exception. Several works report
unchanged or increased systemic and local copper availability
during infections (65– 68). More recently, White et al. (45) have
shown ATP7A-mediated copper trafficking from the Golgi
apparatus to E. coli-containing phagosomes, consistent with a
bactericidal system that targets phagocytosed microorganisms.
Within this restricted phagosomal space (�1.2 � 10�15 liters
(69)), toxic levels of copper sufficient to kill microbes may be
rapidly achieved.

Consistent with an important role for copper-based host
defenses, uropathogenic E. coli isolates have been observed to
exhibit greater copper resistance than intestinal isolates in uri-
nary tract infection patients. Yersiniabactin synthesis was asso-
ciated with copper resistance in these isolates, and a causative
association was supported by a significant decrease in resis-
tance by yersiniabactin-null mutants and a significant increase
in resistance following supplementation with purified yersini-
abactin (25). A similar relationship was observed in Pseudomo-
nas aeruginosa, where synthesis of the virulence-associated sid-
erophores pyochelin and pyoverdine (70, 71) increased copper
resistance (72). Furthermore P. aeruginosa with deficiency in
copper detoxification system showed reduced virulence,
although connections with pyochelin and pyoverdine were
unexplored (73).

Further studies will be necessary to examine how Cu(I) in the
phagosome is oxidized to Cu(II) for yersiniabactin binding. The
bacterial periplasmic multi-copper oxidase, CueO, has been
suggested to oxidize Cu(I) to Cu(II) (74, 75). These copper
defense systems may thus work in tandem with yersiniabactin
and related siderophores to sequester Cu(II) ions.

Not all siderophores protect against copper toxicity. Cat-
echolate siderophores in E. coli sensitized them to copper tox-
icity, an effect linked to Cu(II) reduction by catechols to the
more cytotoxic Cu(I) ion (25, 74, 76). When bound to yersini-
abactin, catechols were unable to reduce Cu(II) (25). In the
presence of copper ions, yersiniabactin may thus protect E. coli

by preventing enterobactin-mediated Cu(I) formation. (Fig. 3).
It is however unclear whether aerobactin is similarly involved in
strains that produce this siderophore.

The mechanism of copper toxicity in bacteria is incompletely
understood. Cu(I) toxicity through Fenton reaction-mediated
hydroxyl radical (OH�) generation has long been proposed to be
an important mechanism, although observations that copper-
loaded E. coli are more, not less, resistant to hydrogen peroxide
suggest that Fenton chemistry alone is an inadequate explana-
tion (77). Recent works instead point to a major role for cyto-
plasmic Cu(I) in dissociating iron-sulfur clusters and thereby
interfering with multiple metabolic processes including heme
and branched chain amino biosynthesis (78 – 80). This mecha-
nism finds additional support from the finding that metal ions
that do not act as Fenton reagents but also disrupt iron-sulfur
clusters exert similar toxicity (81, 82). Although further studies
are needed to dissect the toxic activities of copper, these results
point to the ability of yersiniabactin to prevent free copper from
reaching the cytoplasm as an important virulence function.

A pathogenic role for yersiniabactin copper binding was
assessed in a version of the macrophage survival assay first
described by White et al. (45). In this study, a yersiniabactin-
deficient uropathogenic E. coli was profoundly sensitized to
intracellular killing by macrophage-like RAW264.7 cells rela-
tive to its yersiniabactin-proficient isogenic wild type control

FIGURE 3. Copper-binding siderophore functions at the host-pathogen
interface. Within the phagosomal compartments of host phagocytic cells
(upper left), yersiniabactin may protect bacterial pathogens by sequestering
toxic copper ions translocated by ATP7A into the phagosome (25, 45). The
resulting Cu(II)-Ybt complex may further protect the host by catalyzing super-
oxide dismutation to counter superoxide-based host defenses (61). In phago-
somal or non-phagosomal environments characterized instead by copper
scarcity, E. coli may import Cu(II)-Ybt as a nutritional copper source.
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(61). The yersiniabactin-null phenotype was abolished when
copper-deficient RAW264.7 cells were used. This sensitization
phenotype was similar to that observed for a K12 E. coli strain
lacking the copper efflux pump CopA (83). Overall, these
results are consistent with yersiniabactin sequestration of pha-
gosomal copper ions as a contributor to intracellular survival.
Together, these findings support a role for non-reducing, cop-
per-binding siderophores in protecting pathogens from cop-
per-based host defenses.

Copper-binding Siderophores as a Countermeasure Against
Superoxide-based Host Defenses—Phagocytes are a classic host
defense against invading microbial pathogens, and the copper-
dependent ATP7A bactericidal system described by White et
al. (45) is one of several chemical defenses deployed by these
cells. Also notable among these defenses is the “respiratory
burst,” in which a membrane-bound NADPH oxidase gener-
ates superoxide anion (O2

. ) within the phagosome (84).
Yersiniabactin synthesis was implicated in resisting su-

peroxide-dependent host defenses through the observation
that the yersiniabactin-dependent intracellular survival pheno-
type requires both copper and NADPH oxidase activity (61).
Subsequent studies identified a soluble superoxide dismutase-like
activity in uropathogenic Escherichia coli (UPEC)-conditioned
medium that was similarly dependent upon yersiniabactin biosyn-
thesis and copper supplementation. Chromatographic fraction-
ation and mass spectrometric analysis associated this soluble
SOD-like activity to Cu(II)-Ybt. Purified Cu(II)-Ybt exhibited
SOD-like activity that was also observed upon substitution of
Cu(II) with Fe(III) but not with non-redox active gallium (III), con-
sistent with a catalytic requirement for redox active metal. Unlike
previously described cupric salicylate complexes with SOD-like
activity, Cu(II)-Ybt retained its activity in the presence of protein,
which acts as a competitive copper chelator (61). These data are
consistent with the ability of non-protein Cu(II)-Ybt complexes to
catalyze superoxide dismutation as follows.

Cu(II)-Ybt �O2
. ¡ Cu(I)-Ybt � O2

Reaction 1

Cu(I)-Ybt � O2
. � 2H� ¡ Cu(II)-Ybt � H2O2

Reaction 2

Density functional theory-based quantum simulations of this
catalytic cycle supported a key role for copper redox cycling
during coordination by the phenolate, thiazoline, and thiazoli-
dine groups in yersiniabactin (61). There is evidence that the
thiolate and heteroaromatic ring coordination sites of metha-
nobactin may support a similar catalytic cycle (85). Although
the catalytic activity of Cu(II)-Ybt does not exceed that of
periplasmic Cu,Zn-SOD, the extracellular localization of yers-
iniabactin would be expected to place it in closer proximity to
the superoxide source (the host NADPH oxidase complex)
where it may be more effective. Cu(II)-Ybt catalysis may further
benefit the pathogen through its lower metabolic cost of pro-
duction and its likely ability to avoid proteolysis, which may
permit substantial accumulation within the phagosome. Sid-
erophore-based catalysts that take advantage of host-supplied

copper may therefore be well suited to this distinctive host envi-
ronment (86) (Fig. 3).

An analogous protective role for an extracellular copper-
binding protein was recently suggested by Gleason et al. (87), in
the human fungal pathogen Candida albicans. Candidal SOD5
was found to possess an open active site that readily captures
extracellular copper for its activity. Although it lacks the zinc-
binding site, it is otherwise structurally homologous to Cu,Zn-
SODs and rapidly reacts with superoxide with rates approach-
ing the dismutase limit (87). Yersiniabactin and SOD5 may thus
use similar strategies to catalyze superoxide dismutation
through spontaneous capture and immobilization of host-sup-
plied, extracellular copper. A more detailed investigation of
copper-based dismutation catalysts in this context will require
an improved biochemical understanding of the role of superox-
ide in microbial killing. Nevertheless, it appears likely that addi-
tional examples of this survival strategy await discovery among
invasive, disease-associated microorganisms.

The surprising ability of yersiniabactin production to modu-
late copper-dependent intracellular survival underscores that
there is still much to learn about transition metal interactions at
the host-pathogen interface. As the phagosome matures, metal
content, pH, and redox potential may change dramatically (for
recent reviews, see Refs. 88 and 89). Future measurements of
the binding affinity of yersiniabactin for Cu(II) and Cu(I), both
of which may be present within the phagosome, would aid these
investigations.

Copper-binding Siderophores as Copper Scavengers

Methanobactin is a notable precedent for a siderophore-like
small molecule that scavenges and delivers copper (a chalko-
phore) to bacteria. Although methanotrophic Gram-negative
bacteria use methanobactin to support exceptional copper
demands associated with particulate methane monooxygenase
biosynthesis (56, 57), it remains unclear whether pathogenic
bacteria benefit from a similar strategy. Copper is an important
cofactor in multiple bacterial enzymes including NADH dehy-
drogenase, cytochrome oxidase, and copper/zinc superoxide
dismutases (53). Gram-negative cuproenzymes such as Cu,Zn-
SOD have been described to receive copper in the periplasmic
compartment (17), and it therefore appears plausible that viru-
lence-associated chalkophore systems could serve a nutritional
function in low copper host environments.

The outer membrane ferric yersiniabactin importer gene
(fyuA (11, 12, 60)) was found to be unnecessary for protection
from copper toxicity, consistent with the prominent role for
extracellular copper binding described above. Nevertheless,
FyuA was recently found to act as a promiscuous transporter of
metal-yersiniabactin complexes, including Cu(II)-Ybt. Relative
to non-cupric complexes, Cu(II)-Ybt import reached a maxi-
mal level at low concentrations. Under competitive import con-
ditions, Fe(III)-Ybt import was favored and notably uninhibited
by high Cu(II)-Ybt concentrations. These observations raise
the possibility that yersiniabactin exhibits a copper-scavenging
functionality that can adapt to a high copper, low iron environ-
ment such as the phagosome by limiting copper import and
prioritizing iron import (62). Further studies are necessary to
determine how FyuA distinguishes between different metal-
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yersiniabactin complexes and whether bacteria use imported
Cu(II)-Ybt to provide copper to cuproproteins.

Summary

Bacterial siderophores and siderophore-like molecules with
characteristic structural features have been found to form sta-
ble complexes with extracellular copper ions in vitro and in vivo
during human infections. In the case of yersiniabactin, this
property may protect uropathogenic E. coli from innate anti-
bacterial immune responses based on copper and superoxide
generation. Because the chemical environment during infec-
tions is highly variable and is manipulated by the host, multiple
roles for copper-binding siderophores are possible. Improved
understanding of fundamental chemical properties of patho-
genic siderophores as well as the biochemical environments in
which they are deployed is necessary to identify new virulence-
associated copper binders and to better understand their role in
bacterial pathogenesis.

References
1. Neilands, J. B. (1995) Siderophores: structure and function of microbial

iron transport compounds. J. Biol. Chem. 270, 26723–26726
2. Miethke, M., and Marahiel, M. A. (2007) Siderophore-based iron acquisi-

tion and pathogen control. Microbiol. Mol. Biol. Rev. 71, 413– 451
3. Chu, B. C., Garcia-Herrero, A., Johanson, T. H., Krewulak, K. D., Lau,

C. K., Peacock, R. S., Slavinskaya, Z., and Vogel, H. J. (2010) Siderophore
uptake in bacteria and the battle for iron with the host: a bird’s eye view.
Biometals 23, 601– 6111

4. Andreini, C., Bertini, I., Cavallaro, G., Holliday, G. L., and Thornton, J. M.
(2008) Metal ions in biological catalysis: from enzyme databases to general
principles. J. Biol. Inorg. Chem. 13, 1205–1218

5. Neilands, J. B. (1981) Microbial iron compounds. Annu. Rev. Biochem. 50,
715–731

6. Bagg, A., and Neilands, J. B. (1987) Ferric uptake regulation protein acts as
a repressor, employing iron (II) as a cofactor to bind the operator of an iron
transport operon in Escherichia coli. Biochemistry 26, 5471–5477

7. Fetherston, J. D., Bearden, S. W., and Perry, R. D. (1996) YbtA, an AraC-
type regulator of the Yersinia pestis pesticin/yersiniabactin receptor. Mol.
Microbiol. 22, 315–325

8. Gehring, A. M., DeMoll, E., Fetherston, J. D., Mori, I., Mayhew, G. F.,
Blattner, F. R., Walsh, C. T., and Perry, R. D. (1998) Iron acquisition in
plague: modular logic in enzymatic biogenesis of yersiniabactin by
Yersinia pestis. Chem. Biol. 5, 573–586

9. Harris, W. R., Carrano, C. J., Cooper, S. R., Sofen, S. R., Avdeef, A. E.,
McArdle, J. V., and Raymond, K. N. (1979) Coordination chemistry of
microbial iron transport compounds. 19. Stability constants and electro-
chemical behavior of ferric enterobactin and model complexes. J. Am.
Chem. Soc. 101, 6097– 6104, 10.1021/ja00514a037

10. Noinaj, N., Guillier, M., Barnard, T. J., and Buchanan, S. K. (2010) TonB-
dependent transporters: regulation, structure, and function. Annu. Rev.
Microbiol. 64, 43– 60

11. Perry, R. D., and Fetherston, J. D. (2011) Yersiniabactin iron uptake: mech-
anisms and role in Yersinia pestis pathogenesis. Microbes Infect. 13,
808 – 817

12. Fetherston, J. D., Bertolino, V. J., and Perry, R. D. (1999) YbtP and YbtQ:
two ABC transporters required for iron uptake in Yersinia pestis. Mol.
Microbiol. 32, 289 –299

13. Raymond, K. N., Dertz, E. A., and Kim, S. S. (2003) Enterobactin: an ar-
chetype for microbial iron transport. Proc. Natl. Acad. Sci. U.S.A. 100,
3584 –3588

14. Schalk, I. J. (2008) Metal trafficking via siderophores in Gram-negative
bacteria: specificities and characteristics of the pyoverdine pathway. J. In-
org. Biochem. 102, 1159 –1169

15. Brem, D., Pelludat, C., Rakin, A., Jacobi, C. A., and Heesemann, J. (2001)
Functional analysis of yersiniabactin transport genes of Yersinia enteroco-

litica. Microbiology 147, 1115–1127
16. Rodriguez, G. M., and Smith, I. (2006) Identification of an ABC trans-

porter required for iron acquisition and virulence in Mycobacterium tu-
berculosis. J. Bacteriol. 188, 424 – 430

17. Osman, D., Patterson, C. J., Bailey, K., Fisher, K., Robinson, N. J., Rigby,
S. E., and Cavet, J. S. (2013) The copper supply pathway to a Salmonella
Cu,Zn-superoxide dismutase (SodCII) involves P1B-type ATPase copper
efflux and periplasmic CueP. Mol. Microbiol. 87, 466 – 477

18. Brickman, T. J., and McIntosh, M. A. (1992) Overexpression and purifica-
tion of ferric enterobactin esterase from Escherichia coli: demonstration of
enzymatic hydrolysis of enterobactin and its iron complex. J. Biol. Chem.
267, 12350 –12355

19. Hood, M. I., and Skaar, E. P. (2012) Nutritional immunity: transition met-
als at the pathogen– host interface. Nat. Rev. Microbiol. 10, 525–537

20. Fetherston, J. D., Kirillina, O., Bobrov, A. G., Paulley, J. T., and Perry, R. D.
(2010) The yersiniabactin transport system is critical for the pathogenesis
of bubonic and pneumonic plague. Infect. Immun. 78, 2045–2052

21. Prentice, A. M., Ghattas, H., and Cox, S. E. (2007) Host-pathogen interac-
tions: can micronutrients tip the balance? J. Nutr. 137, 1334 –1337

22. Henderson, J. P., Crowley, J. R., Pinkner, J. S., Walker, J. N., Tsukayama, P.,
Stamm, W. E., Hooton, T. M., and Hultgren, S. J. (2009) Quantitative
metabolomics reveals an epigenetic blueprint for iron acquisition in uro-
pathogenic Escherichia coli. PLoS Pathog. 5, e1000305

23. Hagan, E. C., Lloyd, A. L., Rasko, D. A., Faerber, G. J., and Mobley, H. L. T.
(2010) Escherichia coli global gene expression in urine from women with
urinary tract infection. PLoS Pathog. 6, e1001187

24. Reigstad, C. S., Hultgren, S. J., and Gordon, J. I. (2007) Functional genomic
studies of uropathogenic Escherichia coli and host urothelial cells when
intracellular bacterial communities are assembled. J. Biol. Chem. 282,
21259 –21267

25. Chaturvedi, K. S., Hung, C. S., Crowley, J. R., Stapleton, A. E., and Hen-
derson, J. P. (2012) The siderophore yersiniabactin binds copper to protect
pathogens during infection. Nat. Chem. Biol. 8, 731–736

26. Lv, H., Hung, C. S., and Henderson, J. P. (2014) Metabolomic analysis of
siderophore cheater mutants reveals metabolic costs of expression in uro-
pathogenic Escherichia coli. J. Proteome Res. 13, 1397–1404

27. Goetz, D. H., Holmes, M. A., Borregaard, N., Bluhm, M. E., Raymond,
K. N., and Strong, R. K. (2002) The neutrophil lipocalin NGAL is a bacte-
riostatic agent that interferes with siderophore-mediated iron acquisition.
Mol. Cell 10, 1033–1043

28. Berger, T., Togawa, A., Duncan, G. S., Elia, A. J., You-Ten, A., Wakeham,
A., Fong, H. E., Cheung, C. C., and Mak, T. W. (2006) Lipocalin 2-deficient
mice exhibit increased sensitivity to Escherichia coli infection but not to
ischemia-reperfusion injury. Proc. Natl. Acad. Sci. U.S.A. 103, 1834 –1839

29. Flo, T. H., Smith, K. D., Sato, S., Rodriguez, D. J., Holmes, M. A., Strong,
R. K., Akira, S., and Aderem, A. (2004) Lipocalin 2 mediates an innate
immune response to bacterial infection by sequestrating iron. Nature 432,
917–921

30. Shields-Cutler, R. R., Crowley, J. R., Hung, C. S., Stapleton, A. E., Aldrich,
C. C., Marschall, J., and Henderson, J. P. (2015) Human urinary composi-
tion controls siderocalin’s antibacterial activity. J. Biol. Chem. 290,
15949 –15960, 10.1074/jbc.M115.645812

31. Luo, M., Lin, H., Fischbach, M. A., Liu, D. R., Walsh, C. T., and Groves, J. T.
(2006) Enzymatic tailoring of enterobactin alters membrane partitioning
and iron acquisition. ACS Chem. Biol. 1, 29 –32

32. Valdebenito, M., Crumbliss, A. L., Winkelmann, G., and Hantke, K. (2006)
Environmental factors influence the production of enterobactin, salmo-
chelin, aerobactin, and yersiniabactin in Escherichia coli strain Nissle
1917. Int. J. Med. Microbiol. 296, 513–520

33. Abergel, R. J., Warner, J. A., Shuh, D. K., and Raymond, K. N. (2006)
Enterobactin protonation and iron release: structural characterization of
the salicylate coordination shift in ferric enterobactin. J. Am. Chem. Soc.
128, 8920 – 8931

34. Haag, H., Hantke, K., Drechsel, H., Stojiljkovic, I., Jung, G., and Zähner, H.
(1993) Purification of yersiniabactin: a siderophore and possible virulence
factor of Yersinia enterocolitica. J. Gen. Microbiol. 139, 2159 –2165

35. Heesemann, J., Hantke, K., Vocke, T., Saken, E., Rakin, A., Stojiljkovic, I.,
and Berner, R. (1993) Virulence of Yersinia enterocolitica is closely asso-

MINIREVIEW: Microbial Copper-binding Siderophores

18972 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 31 • JULY 31, 2015



ciated with siderophore production, expression of an iron-repressible
outer membrane polypeptide of 65,000 Da and pesticin sensitivity. Mol.
Microbiol. 8, 397– 408

36. Mabbett, A. N., Ulett, G. C., Watts, R. E., Tree, J. J., Totsika, M., Ong, C.-l.
Y., Wood, J. M., Monaghan, W., Looke, D. F., Nimmo, G. R., Svanborg, C.,
and Schembri, M. A. (2009) Virulence properties of asymptomatic bacte-
riuria Escherichia coli. Int. J. Med. Microbiol. 299, 53– 63

37. Mazur, M. T., Walsh, C. T., and Kelleher, N. L. (2003) Site-specific obser-
vation of acyl intermediate processing in thiotemplate biosynthesis by
Fourier transform mass spectrometry: the polyketide module of yersinia-
bactin synthetase. Biochemistry 42, 13393–13400

38. Miller, D. A., Luo, L., Hillson, N., Keating, T. A., and Walsh, C. T. (2002)
Yersiniabactin synthetase: a four-protein assembly line producing the
nonribosomal peptide/polyketide hybrid siderophore of Yersinia pestis.
Chem. Biol. 9, 333–344

39. Benedek, O., and Schubert, S. (2007) Mobility of the Yersinia High-Path-
ogenicity Island (HPI): transfer mechanisms of pathogenicity islands
(PAIS) revisited (a review). Acta Microbiol. Immunol. Hung. 54, 89 –105

40. Hannauer, M., Braud, A., Hoegy, F., Ronot, P., Boos, A., and Schalk, I. J.
(2012) The PvdRT-OpmQ efflux pump controls the metal selectivity of
the iron uptake pathway mediated by the siderophore pyoverdine in Pseu-
domonas aeruginosa. Environ. Microbiol. 14, 1696 –1708

41. Brandel, J., Humbert, N., Elhabiri, M., Schalk, I. J., Mislin, G. L., and Al-
brecht-Gary, A. M. (2012) Pyochelin, a siderophore of Pseudomonas
aeruginosa: physicochemical characterization of the iron(III), copper(II)
and zinc(II) complexes. Dalton Trans. 41, 2820 –2834

42. Kenney, G. E., and Rosenzweig, A. C. (2012) Chemistry and biology of the
copper chelator methanobactin. ACS Chem. Biol. 7, 260 –268

43. Kim, H. J., Graham, D. W., DiSpirito, A. A., Alterman, M. A., Galeva, N.,
Larive, C. K., Asunskis, D., and Sherwood, P. M. (2004) Methanobactin, a
copper-acquisition compound from methane-oxidizing bacteria. Science
305, 1612–1615

44. Ecker, D. J., and Emery, T. (1983) Iron uptake from ferrichrome A and iron
citrate in Ustilago sphaerogena. J. Bacteriol. 155, 616 – 622

45. White, C., Lee, J., Kambe, T., Fritsche, K., and Petris, M. J. (2009) A role for
the ATP7A copper-transporting ATPase in macrophage bactericidal ac-
tivity. J. Biol. Chem. 284, 33949 –33956

46. Fu, Y., Chang, F. M., and Giedroc, D. P. (2014) Copper transport and
trafficking at the host-bacterial pathogen interface. Acc. Chem. Res. 47,
3605–3613

47. Bearden, S. W., Fetherston, J. D., and Perry, R. D. (1997) Genetic organi-
zation of the yersiniabactin biosynthetic region and construction of avir-
ulent mutants in Yersinia pestis. Infect. Immun. 65, 1659 –1668

48. Hellman, N. E., and Gitlin, J. D. (2002) Ceruloplasmin metabolism and
function. Annu. Rev. Nutr. 22, 439 – 458

49. Gray, L. W., Peng, F., Molloy, S. A., Pendyala, V. S., Muchenditsi, A.,
Muzik, O., Lee, J., Kaplan, J. H., and Lutsenko, S. (2012) Urinary copper
elevation in a mouse model of Wilson’s disease is a regulated process to
specifically decrease the hepatic copper load. PLoS One 7, e38327

50. Messerschmidt, A., and Huber, R. (1990) The blue oxidases, ascorbate
oxidase, laccase and ceruloplasmin. Modelling and structural relation-
ships. Eur. J. Biochem. 187, 341–352, 10.1111/j.1432-1033.1990.tb15311.x

51. Zaitseva, I., Zaitsev, V., Card, G., Moshkov, K., Bax, B., Ralph, A., and
Lindley, P. (1996) The x-ray structure of human serum ceruloplasmin at
3.1 Å: nature of the copper centres. J. Biol. Inorg. Chem. 1, 15–23

52. Hellman, N. E., Kono, S., Mancini, G. M., Hoogeboom, A. J., De Jong, G. J.,
and Gitlin, J. D. (2002) Mechanisms of copper incorporation into human
ceruloplasmin. J. Biol. Chem. 277, 46632– 46638

53. Ridge, P. G., Zhang, Y., and Gladyshev, V. N. (2008) Comparative genomic
analyses of copper transporters and cuproproteomes reveal evolutionary
dynamics of copper utilization and its link to oxygen. PLoS One 3, e1378

54. Zhang, Y., and Gladyshev, V. N. (2011) Comparative genomics of trace
element dependence in biology. J. Biol. Chem. 286, 23623–23629

55. Balasubramanian, R., Smith, S. M., Rawat, S., Yatsunyk, L. A., Stemmler,
T. L., and Rosenzweig, A. C. (2010) Oxidation of methane by a biological
dicopper centre. Nature 465, 115–119

56. Knapp, C. W., Fowle, D. A., Kulczycki, E., Roberts, J. A., and Graham,
D. W. (2007) Methane monooxygenase gene expression mediated by

methanobactin in the presence of mineral copper sources. Proc. Natl.
Acad. Sci. U.S.A. 104, 12040 –12045

57. Balasubramanian, R., Kenney, G. E., and Rosenzweig, A. C. (2011) Dual
pathways for copper uptake by methanotrophic bacteria. J. Biol. Chem.
286, 37313–37319

58. Walsh, C. T., Haynes, S. W., and Ames, B. D. (2012) Aminobenzoates as
building blocks for natural product assembly lines. Nat. Prod. Rep. 29,
37–59

59. Miller, M. C., Parkin, S., Fetherston, J. D., Perry, R. D., and Demoll, E.
(2006) Crystal structure of ferric-yersiniabactin, a virulence factor of
Yersinia pestis. J. Inorg. Biochem. 100, 1495–1500

60. Lukacik, P., Barnard, T. J., Keller, P. W., Chaturvedi, K. S., Seddiki, N.,
Fairman, J. W., Noinaj, N., Kirby, T. L., Henderson, J. P., Steven, A. C.,
Hinnebusch, B. J., and Buchanan, S. K. (2012) Structural engineering of a
phage lysin that targets Gram-negative pathogens. Proc. Natl. Acad. Sci.
U.S.A. 109, 9857–9862

61. Chaturvedi, K. S., Hung, C. S., Giblin, D. E., Urushidani, S., Austin, A. M.,
Dinauer, M. C., and Henderson, J. P. (2014) Cupric yersiniabactin is a
virulence-associated superoxide dismutase mimic. ACS Chem. Biol. 9,
551–561

62. Koh, E. I., Hung, C. S., Parker, K. S., Crowley, J. R., Giblin, D. E., and
Henderson, J. P. (2015) Metal selectivity by the virulence-associated
yersiniabactin metallophore system. Metallomics 7, 1011–1022

63. Chaturvedi, K. S., and Henderson, J. P. (2014) Pathogenic adaptations to
host-derived antibacterial copper. Front. Cell. Infect. Microbiol. 4, 3

64. Hodgkinson, V., and Petris, M. J. (2012) Copper homeostasis at the host-
pathogen interface. J. Biol. Chem. 287, 13549 –13555

65. Crocker, A., Lee, C., Aboko-Cole, G., and Durham, C. (1992) Interaction
of nutrition and infection: effect of copper deficiency on resistance to
Trypanosoma lewisi. J. Natl. Med. Assoc. 84, 697–706

66. Matousek de Abel de la Cruz, A. J., Burguera, J. L., Burguera, M., and Añez,
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Iron is a redox-active metal required as a cofactor in multiple
metalloproteins essential for a host of life processes. The metal
is highly toxic when present in excess and must be strictly regu-
lated to prevent tissue and organ damage. Hepcidin, a molecule
first characterized as an antimicrobial peptide, plays a critical
role in the regulation of iron homeostasis. Multiple stimuli pos-
itively influence the expression of hepcidin, including iron,
inflammation, and infection by pathogens. In this Minireview, I
will discuss how inflammation regulates hepcidin transcription,
allowing for sufficient concentrations of iron for organismal
needs while sequestering the metal from infectious pathogens.

Iron is crucial for many life functions in both eukaryotic
hosts and prokaryotic pathogens. Due to its ability to readily
accept or donate electrons, iron is a valuable cofactor in pro-
teins essential in metabolic processes. However, when left
unsupervised, iron can also react with oxygen to generate rad-
ical oxygen species that can damage all facets of a cell, leading to
tissue damage and eventual organ failure. Therefore, it is crucial
for organisms to maintain strict control over iron uptake and
distribution to assure appropriate amounts for life require-
ments, yet regulate and sequester it tightly to prevent oxidative
stress or microbial proliferation during infection. Herein, I will
present an overview of how iron balance is maintained in ver-
tebrate organisms and discuss the role of hepcidin, the master
regulator of iron metabolism, in iron regulation during inflam-
mation and infection.

General Iron Homeostasis

Each day the average human must absorb 1–2 mg of iron
from the diet to offset unregulated losses from general bleeding,
menstruation, or the sloughing of epithelial cells. Iron is a crit-
ical cofactor required for DNA synthesis, mitochondrial respi-
ration, and various signaling pathways. Most crucially, almost
25 mg of iron per day is required for hemoglobin synthesis and
the replacement of an estimated 200 billion RBCs. The vast
majority of this iron pool is acquired through the recycling of
senescent erythrocytes by macrophages of the reticuloendo-

thelial compartment. Whole body iron homeostasis is
thought to occur completely at the level of iron absorption,
as no physiologically regulated means of iron excretion has
been elucidated. Hence, influx of iron from the diet, and
recycling of iron from aged or damaged RBCs, must be
closely regulated to prevent iron-restricted erythropoiesis
resulting in anemia or excess iron loading and subsequent
tissue damage caused by the generation of radical oxygen
species. Proper distribution of circulating iron to tissues
such as the brain, heart, and skeletal muscle is crucial for the
prevention of human disease states.

Non-heme dietary reduced iron is admitted into the body
through divalent metal transporter 1 (DMT1, Slc11a2) (1, 2), an
iron transporter located on the apical membrane of duodenal
enterocytes located in the first section of the small intestine
(Fig. 1). After uptake into villus enterocytes, the iron may take
two different paths. A fraction of the reduced iron may be oxi-
dized and securely sequestered in ferritin. Alternatively, iron
may be transferred across the basolateral membrane by ferro-
portin (3–5), where it is oxidized to the ferric state by the mem-
brane-bound multi-copper ferroxidase hephaestin or the ho-
mologous soluble ferroxidase ceruloplasmin (6, 7). Oxidized
iron is then loaded onto transferrin (TF),2 a soluble protein in
the blood that securely transports and distributes iron to down-
stream tissues.

As previously noted, reticuloendothelial macrophages
phagocytose senescent RBCs, harvesting the heme and return-
ing almost 25 mg of iron into circulation each day. Like duode-
nal enterocytes and hepatocytes of the liver, macrophages of the
RBC recycling compartment also employ ferroportin to export
recovered iron into the general circulation (Fig. 1). Iron export,
from both epithelial cells of the duodenum and macrophages
within the RBC recycling compartment, is rate-controlling for
total body iron flux; consequently, ferroportin expression must
be closely regulated to assure sufficient iron for erythropoiesis
and prevent excess tissue iron accumulation. Ferroportin
expression is regulated post-translationally by its ligand hepci-
din, the master regulator of iron metabolism.

Role of Hepcidin in Iron Metabolism

In 1994 Finch (8) postulated that soluble regulators of sys-
temic iron metabolism, the “store regulators,” exist and that
these hormones are essential for the maintenance of appropri-
ate iron balance. However, it was not until 2000 that hepcidin,
originally termed LEAP-1 (liver-expressed antimicrobial pro-
tein 1), was characterized as a defensin-like, liver-expressed,
25-residue antimicrobial peptide with four disulfide bonds (9).
Simultaneous work in mice and humans demonstrated that
hepcidin expression increases concomitantly with serum and
tissue iron levels and is excreted in the urine (10, 11). Deletion
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ing hepcidin have severe iron overload (12, 13); conversely,
overexpression of hepcidin leads to severe iron deficiency
(14, 15).

Hepcidin acts as a negative regulator of iron release from
cells (Fig. 1), binding to ferroportin, the only known iron
exporter, and causing the internalization and degradation of
the transporter (16). Administration of synthetic exogenous
hepcidin (17) leads to hypoferremia, a state of diminished TF-
bound iron in the serum, and eventual iron deficiency. Interest-
ingly, specific mutations in human ferroportin (18) prevent
transporter binding to its ligand hepcidin, leading to iron over-
load and confirming the key function of this iron regulatory
mechanism. In total, an increase in hepcidin expression leads to
elevated iron storage in RBC recycling macrophages and hepa-
tocytes and limits uptake from dietary sources. Conversely,
diminished hepcidin expression permits more non-heme iron
to be released from internal liver and macrophage stores and
increases iron transfer through intestinal epithelial cells, effec-
tively controlling the bioavailable iron supply.

Regulation of Hepcidin through the Bone
Morphogenetic Protein (BMP)/SMAD Signaling Pathway

Hepcidin is only regulated at the transcriptional level, and
expression is inhibited by anemia, hypoxia (19), and ineffective
erythropoiesis (20), and stimulated by iron loading and inflam-
mation. Multiple lines of inquiry have demonstrated that mem-
bers of the TGF-� superfamily, including BMP receptors, asso-
ciated BMP ligands, and the cytoplasmic SMAD transcription
factors (homologs of the Caenorhabditis elegans protein SMA
and the Drosophila protein mothers against decapentaplegic
(MAD)) play a central role in transcriptionally regulating hep-
cidin expression (Fig. 2). Hemojuvelin (HJV) is a BMP co-recep-
tor (21) required for appropriate iron metabolism that is
expressed primarily in liver, heart, and skeletal muscle (22).

Loss of HJV causes severe cases of iron loading in humans
termed juvenile hemochromatosis (22), and mouse models
confirmed that ablation of HJV (23, 24), specifically in hepato-
cytes (25, 26), leads to extreme iron overload due to depressed
hepatic hepcidin expression. Furthermore, the ligand BMP-6 is
essential for appropriate HJV-mediated hepcidin expression
(27, 28), and serine/threonine type I (predominately ALK3 (29))
and type II (ActRIIA and BMPRII (30)) receptors are required
for transmission of this signal. Stimulation of these receptors
leads to phosphorylation of SMAD1/5/8 transcription factors.
Earlier work demonstrated that loss of SMAD4 (31), the pri-
mary common mediator SMAD (co-SMAD) that binds to acti-
vated SMAD1/5/8, results in iron overload and decreased hep-
cidin expression. Finally, BMP-responsive elements are found
in the hepcidin promoter and are critical for appropriate hep-
cidin regulation (32, 33). These data, in aggregate, establish that
the BMP/SMAD signaling pathway plays a central role in the
transcriptional regulation of hepcidin.

Regulation of BMP/SMAD pathway signaling by iron sensors
is complex and not completely understood, and dysregulation
of this system can lead to human disease. Although loss of mul-
tiple members of the iron-sensing mechanism, including HFE
(34), the classic hereditary hemochromatosis gene, and TFR2
(transferrin receptor 2) (35), a homolog of the iron uptake
receptor TFR1, is known to diminish hepcidin expression, lead-
ing to excess iron absorption, how they interact with the BMP/
SMAD signaling complex is uncertain. HFE binds to transferrin
receptor 1 (TFR1), sharing a binding site on the receptor with
TF (36). One model asserts that increasing transferrin satura-
tion displaces HFE from TFR1, leading to increased hepcidin
expression (37). Although work in vitro has demonstrated that
HFE, TFR2, and HJV may form a stable complex that functions
to regulate hepcidin expression through HJV (38), other data
suggest that this interaction is dispensable or works through a
different mechanism (39, 40). To this end, recent work has
demonstrated that HFE directly interacts with ALK3, stabiliz-
ing the receptor on the cell surface and helping transduce a
signal for hepcidin transcriptional regulation (41). Further
research will be required to fully comprehend how these pro-
teins, as well as other effectors of BMP/SMAD signaling, work
together to regulate hepcidin expression.

Regulation of Hepcidin by Inflammation

A large number of plant and animal tissues contain antimi-
crobial peptides involved in host defense. Due to its eight cys-
teine residues and defensin-like structure, hepcidin was origi-
nally postulated to be a liver-generated member of this large
protein family. In fact, the peptide has both antifungal and anti-
microbial activities (11). Importantly, it was noted that murine
hepcidin transcription surges upon treatment with LPS (10) or
turpentine (19). LPS is an endotoxin and the major component
of the outer membrane of Gram-negative bacteria, and as such,
is an extremely potent pathogen-derived inflammatory signal.
Toll-like receptor 4 (TLR4), a member of the TLR family, which
plays a fundamental role in pathogen recognition and activa-
tion of innate immunity, is the receptor for LPS (42). Terpenes
are thought to play a protective role in conifers, and turpen-
tine has long been known to initiate inflammatory responses

FIGURE 1. Role of the hepcidin/ferroportin axis in iron metabolism. Diva-
lent metal transporter 1 is required for the uptake of dietary iron through
duodenal epithelial cells. Hepcidin is predominately produced by hepato-
cytes of the liver. Stimulation of hepcidin production by elevated iron, inflam-
mation, or infection causes ferroportin to be internalized and degraded in red
blood cell-recycling macrophages, duodenal enterocytes of the small intes-
tine, or hepatocytes themselves. In this manner, iron can be sequestered in
ferritin within these cells, lowering iron concentration in the serum and pre-
venting iron overload or theft of iron by invading pathogens. The opposite is
also true. Iron-restricted erythropoiesis leads to a diminishment of hepcidin,
elevated numbers of ferroportin transporters on iron-exporting cells, and
increased serum iron availability for red blood cell maturation.
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in mammals. Taken together, these investigations suggested
that the hepcidin peptide was likely regulated by both
inflammation and infection.

Inflammatory cytokines are generated in response to infec-
tion by iron-dependent invading pathogens. Particular molec-
ular patterns are recognized by specific receptor families
(TLRs), and cytokines are released to instigate an immune
response. This response can stimulate an acute hypoferremia,
inhibiting pathogen growth and proliferation. Several cyto-
kines, including primarily IL-6 (43), but also IL-1 (44), IL-22
(45), and interferon � (46), have been shown to positively up-
regulate hepcidin expression. This is mediated by STAT3 sig-
naling (47, 48), and loss of STAT3 specifically in the liver pre-
vents hepcidin regulation by cytokine stimulation (49). In the
current model, IL-6 binds to the gp130 protein receptor com-
plex (50), instigating a JAK1/2 tyrosine kinase-mediated phos-
phorylation of the transcription factor STAT3. Activated
STAT3 then translocates to the nucleus and binds to the
STAT3-responsive element on the proximal hepcidin pro-
moter, inducing hepcidin transcription (Fig. 2).

More recently, ALK3, the primary type I receptor BMP
receptor involved in hepcidin regulation, was shown to be cru-
cial for IL-6-mediated hepcidin induction (51). Furthermore,
activin B, a member of the TGF-� superfamily, is involved in
response to inflammation in an IL-6-independent manner (52).
Upon treatment with LPS, expression of the activin � (B)-sub-
unit is significantly increased, and this leads to a rise in
SMAD1/5/8 phosphorylation and subsequent hepcidin induc-
tion. Importantly, IL-6 is known to be crucial for the response
to common bacterial or viral infections or to pathogen-derived
molecules in mice (53). Interestingly, cytokine induction, and
the resulting increase in hepcidin expression by inflammation,

also leads to decreased numbers of erythroid progenitors (54),
possibly helping to match the diminished amount of iron avail-
able for erythropoiesis. Finally, upon infection, activated
inflammatory cells undergo an oxidative burst that results in
the release of large amounts of reactive oxygen species, which
help to kill invading microbes. Neutrophils generate H2O2

when activated, and work in cell culture has shown that low
levels of H2O2 stimulation contribute to hepatic hepcidin
induction through STAT3 (55).

There is also some suggestion that inflammatory signals may
modulate iron metabolism without the need for hepcidin
induction. Animals with complete genetic ablation of hepci-
din and treated with LPS have diminished ferroportin
expression in the duodenum and spleen, leading to slightly
decreased plasma iron (56). Furthermore, TLRs are key com-
ponents in the innate immune system and are required for
the induction of the adaptive immunity response. They are
normally expressed in sentinel cells such as tissue macro-
phages and recognize pathogen-derived molecules. Stimula-
tion of TLR2 and -6 receptors (Fig. 3) reduces ferroportin
expression in mouse bone marrow-derived macrophages,
liver, and spleen independently of hepcidin (57). Ferroportin
containing a C326C mutation is known to be resistant to
hepcidin-mediated degradation (18). Injection with two
separate TLR2/6 ligands down-regulated ferroportin and
induced hypoferremia in mice containing the C326C muta-
tion. These data suggest that there may be multiple pathways
by which organisms attempt to withhold iron from invading
pathogens during periods of inflammation, but further
research is essential to better understand these additional
inflammatory responses leading to hypoferremia.

FIGURE 2. Regulation of hepcidin expression by iron and inflammation. Increasing saturation of TF, and subsequent binding to TFR1, causes HFE to be
released from a complex with TFR1. HFE is postulated to interact with TFR2 and HJV, a BMP co-receptor, to stimulate SMAD1/5/8 phosphorylation, dimerization
with SMAD4, and elevation of hepcidin transcription. The ligand BMP6 is thought to play a key role in this process. HFE also interacts with ALK3, a type I BMP
receptor, and stabilizes it on the cell membrane. During periods of inflammation or infection, the cytokine IL-6 is produced, activating the STAT3 signaling
pathway to promote transcription of hepcidin through a gp130-, JAK1/2-mediated pathway. Both the phosphorylated SMAD1/5/8-SMAD4 heterodimer and
the STAT3 transcription factors have known binding sites in the hepcidin promoter, and the two pathways are believed to work together in hepcidin regulation.
Other inflammation-mediated stimulatory signals may act to positively stimulate hepcidin expression.
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Cooperation between BMP/SMAD and JAK1/2-STAT3
Inflammatory Signaling Pathway

Increasing weight of evidence suggests that essential cross-
talk exists between the BMP/SMAD and JAK1/2-STAT3
inflammatory signaling pathway (Fig. 2). SMAD4 is the
co-SMAD necessary for dimerization with phosphorylated
SMAD1/5/8 and subsequent hepcidin induction. Early studies
suggested that mice lacking Smad4 are unable to induce hepci-
din expression after treatment with LPS (31). Pharmacological
intervention with dorsomorphin, LDN-193189, or other spe-
cific small-molecule inhibitors of the BMP pathway (58 – 60) is
able to attenuate hepcidin expression in rodents treated with
inflammatory agents. Loss of HFE and TFR2, either alone or
in combination, leads to inappropriately phosphorylated
SMAD1/5/8 and suppressed hepcidin expression (39, 61– 63).
Mice lacking HFE (64) or both HFE and TFR2 (65) are able to
mount an appropriate immune response to LPS, but do not
elevate hepcidin production nor develop hypoferremia. Fur-
thermore, concomitant stimulation of both the BMP/SMAD
and the JAK1/2-STAT3 pathways in rodents causes, at mini-
mum, additive, and also in some experiments synergistic,
effects upon up-regulation of hepcidin (59, 66, 67). In toto, this
research suggests that the BMP/SMAD and JAK1/2-STAT3
signaling pathways impinge on one other, leading to increased
hepcidin expression under conditions of infection or
inflammation.

Role of Hepcidin in the Anemia of Inflammation

The anemia of chronic disease (68), now commonly termed
the anemia of inflammation, is known to occur in settings of
infection by microbial pathogens, in inflammatory, autoim-
mune conditions such as arthritis or lupus, in chronic kidney
disease, or as a result of cancer. The mild to moderate anemia is
normocytic and normochromic with a reduced number of
erythrocytes; however, patients may progress to a more serious
condition with microcytic and hypochromic red blood cells

over the course of a long, serious illness. In most cases, iron is
retained within macrophages of the reticuloendothelial system,
leading to inappropriately low availability of iron-bound trans-
ferrin required for erythropoiesis. In these inflammatory states,
release of cytokines leads to elevated hepcidin expression,
diminishing ferroportin on the surface of enterocytes, recycling
macrophages and hepatocytes, sequestering iron in storage
sites, and diminishing iron uptake from the diet. One of the first
studies to demonstrate the involvement of hepcidin in this con-
dition showed that patients with glycogen storage disease type
1a, a population that spontaneously develops large adenomas in
the liver and the anemia of inflammation, have elevated hepci-
din expression. The observed anemia was ameliorated upon
resection of the adenomas (69).

Anemia of Inflammation and Infection

Historically, the anemia of inflammation in humans was
most readily observed and understood in the context of infec-
tion with pathogenic organisms. The hypoferremia associated
with infection was first noted over 70 years ago by Cartwright et
al. (101) and was hypothesized to sequester iron in tissues to
prevent transfer to invading microbes. Based on the over-
whelming weight of evidence, this response is primarily due to
the up-regulation of hepcidin. Interestingly, hepcidin regula-
tion by infection was first noted in sea bass (70) where a massive
induction of hepcidin occurs after bacterial infection. Subse-
quently, it was demonstrated that patients with various causes
of anemia of inflammation or infection had elevated urinary
hepcidin excretion (71). Furthermore, humans treated with Il-6
(43) or with LPS (72) have elevated hepcidin expression leading
to an acute hypoferremia.

Significant data demonstrate that hepcidin-mediated iron
regulation plays a crucial role in the interaction between human
hosts and their microbial pathogens. For example, hepcidin is
induced in malarial infection (73), a disease that is estimated to
kill 600,000 people every year. The relevance of hepcidin, and
its role in the treatment and outcome of infection by this human
scourge, has been reviewed extensively elsewhere (74). Further-
more, the crucially important nature of hepcidin in host
defense was starkly illustrated by a laboratory accident. Atten-
uated strains of Yersinia pestis lacking a high-pathogenicity
island involved in iron uptake are commonly employed in vac-
cine research. A researcher with an undiagnosed case of hered-
itary hemochromatosis caused by a mutation in HFE, a disease
where inappropriately low hepcidin expression leads to ele-
vated total body iron body burden, died after developing a case
of septicemic plague (75). Of note, the up-regulation of hepci-
din and resulting acute hypoferremia may not be a universal
phenomenon in pathogen infection. For example, hepcidin is
induced upon HIV-1 infection, but not by infection with hepa-
titis B or C, in humans (76). This suggests that the hepcidin-
mediated iron sequestration in infection may be pathogen-, tis-
sue-, and inflammation response-specific.

The vast majority of hepcidin is expressed by hepatocytes of
the liver. However, immune cells at the site of infection produce
small concentrations of the peptide (77), likely through a TLR4-
dependent mechanism (78). Furthermore, treatment of mono-
cytes from anemia of inflammation patients with IL-6 or LPS

FIGURE 3. Hepcidin-independent, inflammation-mediated regulation of
ferroportin. Stimulation of TLRs 2 or 6 by the ligands FSL1 or PAM3CSK4
causes diminished ferroportin mRNA and protein expression in bone mar-
row-derived macrophages, liver, or spleen. This occurs through TLR2/6 het-
erodimers or TLR2 homodimers. Decreased ferroportin expression leads to an
acute hypoferremia that may precede or complement the hepcidin-medi-
ated decrease in bioavailable iron during inflammatory conditions. Further
research is necessary to determine whether this pathway suppresses ferro-
portin mRNA expression by diminishing transcription or through increased
mRNA degradation.
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induced a more robust hepcidin induction than in controls, and
this leads to diminished ferroportin expression and a decrease
in iron export in an autocrine manner (79). Taken together, this
implies that hepcidin production at the site of infection may
lead to localized iron sequestration and prevent iron theft by
pathogens; however, further research is required to understand
this response to microbial invasion.

It appears that a regulatory pathway facilitates the ameliora-
tion of inflammation-mediated anemia once infection has
resolved (Fig. 4). Recent investigation has uncovered erythro-
ferrone (ERFE), a hormone produced by erythroblasts in
response to erythropoietin, which mediates hepcidin suppres-
sion during the early stages of stress erythropoiesis (80). Signif-
icantly, ERFE also appears to play a role in the recovery of
organisms from the anemia of inflammation (81). Heat-killed
Brucella abortus (HKBA) is known to induce an anemia of
inflammation response in rodents (82, 83). Mice lacking ERFE
have both a more severe and a more prolonged anemia, and
more greatly elevated hepcidin expression, as compared with
wild type animals upon exposure to HKBA. Elevated hepcidin
expression causes depressed serum iron available for erythro-
poiesis in HKBA-treated mice. Increased ERFE expression
appears to suppress the deleterious effects of iron sequestration
during infection or the anemia of inflammation, and as such,
may be a possible target for therapeutic intervention in disor-
ders with chronic inflammation.

Other Causes of the Anemia of Inflammation

The anemia of inflammation has also been linked with
chronic kidney disease (CKD), a disorder most commonly
caused by diabetes and high blood pressure, and cancer.
Patients with CKD are known to present with anemia during
the course of their illness and have elevated hepcidin expression
(84). Hepcidin is also greatly increased in multiple myeloma, a

plasma cell malignancy that is thought to account for a large
percentage of hematologic cancers (85). Hepcidin induction in
this cancer requires BMP2, another BMP/SMAD pathway
ligand, and the inflammatory cytokine IL-6 (67). Furthermore,
recent work demonstrated that hepcidin is elevated in breast
cancer patients and that diminished tumor expression of ferro-
portin promotes breast cancer growth (86, 87). Finally, patients
with the most advanced cancers have the lowest RBC hemoglo-
bin concentration, and hemoglobin measurements are con-
versely correlated with inflammatory markers and hepcidin
(88). This research indicates that efficacious treatment of CKD,
and a number of distinct malignancies, requires not only
directed therapy toward each disease, but also appropriate
management of patient iron status.

Interestingly, anemia is widespread in elderly populations
although iron is not normally diet-limited. This anemia has
been attributed to low grade inflammation; however, the cause
of this inflammation is often not explained by infection, CKD,
or cancer and has been termed the unexplained anemia of the
elderly. Studies in aged mice demonstrate that IL-6 and hepci-
din are not directly required for aging-related anemia; however,
mice lacking these genes have improved erythropoiesis later in
life (89). More recent work has demonstrated that patients with
unexplained anemia of the elderly, all of whom have no known
history of chronic inflammatory disease, do in fact have features
of low grade inflammation including elevated IL-6 expression
(90).

Finally, endoplasmic reticulum (ER) stress induces multiple
pathways that are collectively known as the unfolded protein
response. Toxins, misfolded proteins, disruption of ER homeo-
stasis, and inflammation are all known to generate ER stress. ER
stress was directly linked to the acute inflammatory response
when it was demonstrated that the ER stress-activated tran-
scription factor CREBH (cyclic AMP-response element-bind-
ing protein H) responds to induction by both LPS and IL-6 (91).
Importantly, hepcidin expression can be modulated by the
transcription factors CHOP (CCAAT-enhancer-binding pro-
tein homologous protein), C/EBP� (CCAAT-enhancer-bind-
ing protein �), and CREBH, which bind to specific binding sites
on the hepcidin promoter (92, 93).

Conclusions

Hepcidin is the master regulator of vertebrate iron metabo-
lism and homeostasis. Expression of hepcidin is modulated by
multiple signaling pathways, and up-regulation of the anti-mi-
crobial peptide is triggered by elevated iron status, inflamma-
tion, and infection. Inflammation-mediated induction of hep-
cidin is thought to occur through the combined efforts of the
BMP/SMAD and JAK1/2-STAT3 signaling pathways. Stimula-
tion of hepcidin expression during episodes of inflammation
and infection greatly decreases access of bioavailable iron to
invading pathogens however, this may cause iron-restricted
erythropoiesis in the host. Accordingly, there is a constant
struggle within a host to meet organismal iron demands for
heme production while preventing iron theft by invading infec-
tious agents. This balance is primarily maintained by the atten-
uation of hepcidin production.

FIGURE 4. A model for erythroferrone-mediated recovery from the ane-
mia of inflammation. Hypoxia is sensed in the kidney, and erythropoietin
levels are increased through an IRP1-HIF2� signaling pathway. Elevated
erythropoietin causes a JAK2/STAT5 phosphorylation cascade, leading to the
production of ERFE in early erythroblasts. Circulating erythroferrone sup-
presses hepcidin production in hepatocytes, leading to elevated ferroportin
expression and augmenting serum iron availability for red blood cell
maturation.
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Moving forward, much of the research concerning hepcidin
and its link to various human disease states will need to be
completed in animal models. Accordingly, new rodent models
of cancer (94) and infection (82, 83) have been recently gener-
ated. These model systems will be essential for dissecting the
more intricate interactions between hepcidin regulation and
changes in iron homeostasis induced by inflammation or
infection.

Furthermore, the intimate link between hepcidin regulation,
iron metabolism, and human health suggests that therapeutic
manipulation of hepcidin is an essential future goal. To that
end, neutralizing hepcidin antibodies (95), small-molecule
inhibitors of the BMP/SMAD pathway (59), siRNA (96) and
antisense oligonucleotide (97) technology, and hepcidin
mimetics (minihepcidins) (98) have been employed to inhibit
or induce hepcidin expression, respectively. Additional work
will be necessary to determine the most efficacious methods of
hepcidin modulation in clinical settings.

The direct measurement of hepcidin protein, both in rodent
models of human disease and in patients themselves, is vital for
further investigation and treatment of the anemia of inflamma-
tion. Moreover, determination of the therapeutic efficacy of
hepcidin modulation requires specific, non-invasive measure-
ments of the ligand, which can be ascertained over the course of
treatment. Several methods have been proposed to directly mea-
sure the peptide in easily accessible body fluids. Human serum
or urine hepcidin can be measured by ELISA (84) or time-of-
flight mass spectroscopy (99). Recently, a highly specific ELISA
assay has been generated that quantitatively measures hepcidin
in mouse serum or urine under conditions where hepcidin is
greatly elevated or repressed (100).

Although our understanding of how inflammation regulates
hepcidin expression, and by extension modulates vertebrate
iron metabolism, is rapidly increasing, many pertinent ques-
tions yet remain. For example, do other regulatory pathways
exist that influence hepcidin expression during inflammatory
events? Are there additional mechanisms that modify iron flux
under acute inflammatory conditions without the need for hep-
cidin? Finally, and perhaps most importantly, how do we best
modify hepcidin expression in patients with the anemia of
inflammation? Significant further research will be required to
answer these questions and identify novel therapeutic
approaches for the safe and effective treatment of affected
individuals.
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During the course of infection, many natural defenses are set
up along the boundaries of the host-pathogen interface. Key
among these is the host response to withhold metals to restrict
the growth of invading microbes. This simple act of nutritional
warfare, starving the invader of an essential element, is an effec-
tive means of limiting infection. The physiology of metal with-
holding is often referred to as “nutritional immunity,” and the
mechanisms of metal transport that contribute to this host
response are the focus of this review.

The rationale for host metal withholding against invading
pathogens seems intuitive; restriction of any nutrient required
for pathogen survival should combat infection. But why metals?
The answer to this question becomes crystal clear when one
recognizes that iron is required for nearly all life forms, includ-
ing pathogenic bacteria, with a few rare exceptions that rely on
manganese instead (1–7). Iron is essential for ATP production
and other metabolic pathways, but its concentration is limited
to avoid production of ROS2 catalyzed by excess levels of this
redox-active metal (8). In some organisms, manganese can sub-
stitute for redox-active iron to protect against oxidative stress
(9, 10). Moreover, most pathogens require manganese to pro-
duce their own superoxide dismutase activity to thwart oxida-
tive killing mechanisms exerted by the host (11–13). Iron and
manganese have similar ionic radii, have a divalent charge state
under physiological conditions, have similar coordination
chemistries, and have cellular concentrations in the micromo-
lar range. Consequently, it comes as no surprise that these two
metals also share membrane transporters, despite their differ-
ent cellular functions and distributions. Restriction of iron
and/or manganese provides a broad-spectrum metabolic “anti-
dote” against all pathogenic infections, and the common trans-
port pathways used by these metals present selective targets to
limit their availability. Although many other immune responses
contribute to the fight against infection, metal withholding rep-

resents a major force in host defense with combat controlled
through transport.

The concept of nutritional immunity through metal with-
holding is largely based on the observations that the iron con-
tent of the human diet profoundly affects infectious diseases
such as malaria, brucellosis, and tuberculosis (14, 15). Iron
overload states such as sickle cell anemia and �-thalassemia
increase the risk of infection (16 –18). Hereditary hemochro-
matosis, an inherited disorder of iron metabolism, is also linked
to susceptibility to some pathogens (17, 19 –22). Iron defi-
ciency, on the other hand, is associated with decreased survival
of individuals infected with HIV and other agents (23). Still,
high iron is positively associated with viral load and mortality in
HIV (24 –26), suggesting that an optimal balance of iron is nec-
essary. In general terms, low iron status is protective, whereas
elevated iron levels promote infection (27, 28). The complexity
of host-pathogen interactions therefore presents a clinical
conundrum; although iron supplements protect against iron
deficiency, such measures could negatively impact infectious
diseases (29, 30). This idea has been extended to suggest that
iron deficiency frequently occurs in regions with endemic
infectious diseases as a protective adaptation. Thus, metal re-
striction appears to play a key role in the human host’s immune
defense strategies. It is interesting to note that accumulating
evidence shows that metal transporters are involved in host
response to bacterial pathogens in plants, too.

A foundational discovery in nutritional immunity was the
positional cloning of the murine Nramp allele. The natural
resistance-associated macrophage protein locus was also called
Bcg, Lsh, or Ity (31). Nramp1 (Slc11a1) was linked to immunity
because mutation of its gene conferred susceptibility to intra-
cellular pathogens. Allelic variations profoundly affect resis-
tance to Salmonella, Leishmania, and Mycobacteria (32). The
Nramp1 protein was initially characterized as a manganese
transporter (33), consistent with studies demonstrating that
this metal is a virulence factor for certain pathogens, including
Yersinia (34) and Salmonella (35). Nramp1 expression is up-
regulated by cytokines (36), and its function helps to produce
nitric oxide along with other pro-inflammatory responses (37,
38). Loss of function not only reduces the inflammatory
response to infection (39), but it also impedes iron recycling by
macrophages (40). Greater insight about the metal transport
role of Nramp1 was achieved when its paralog Nramp2 (also
called DMT1, DCT1 (divalent cation transporter-1), or
Slc11a2) was tightly linked to iron homeostasis (41, 42). Both
members of the mammalian Nramp/Slc11 family are thought
to combat infection by limiting availability of iron and manga-
nese, and possibly other metals, to microbes.

Iron and Manganese Transport: Roles of Nramp1 and
Nramp2 (DMT1)

Nramp1 is expressed in monocytes and macrophages, cell
types that function in the front line immune response to invad-
ing pathogens. Recently, Nramp1 was found to be expressed in
lymphocytes, and in particular, a subset of these cells that are
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responsible for interferon-� production (43). Nramp1 shares
�65% amino acid sequence identity with DMT1, which is ubiq-
uitously expressed with higher levels found in the kidney and
intestine (42). These proteins are members of a large and evo-
lutionarily conserved family of divalent metal transporters (44).
In macrophages, Nramp1 is associated with lysosomes and late
endosomes and is found on maturing phagosomes (45, 46). Its
cytolocalization is consistent with the transporter’s identified
role in the resistance to infection by obligate intracellular
pathogens, which are known to reside in such intracellular
compartments. Susceptibility is acquired by a single G169D
substitution in the predicted fourth transmembrane-spanning
domain; therefore mice with the Nramp1G169 allele are resis-
tant (31). The Nramp1D169 allele appears to encode a non-func-
tional protein that does not mature properly (47).

The RAW264.7 macrophage cell line derives from a mouse
strain carrying the Nramp1D169 allele and therefore displays
Nramp1 deficiency. These particular cells proved useful in early
transport studies of Nramp1 properties and characteristics.
Iron transport into phagosomes containing latex beads (48) or
mycobacteria (48, 49) was first shown to be higher in
RAW264.7 cells transfected with Nramp1G169 as compared
with Nramp1D169. These observations led to the hypothesis
that Nramp1 transports iron into the bacterium-containing

phagosome, thereby limiting mycobacterial growth by catalyz-
ing ROS. In contrast, other studies suggested that Nramp1
transported metals out of the phagosome, a function that could
restrict pathogen growth by limiting the availability of the
essential nutrient metals (33, 50, 51). Controversy surrounding
the directionality of transport was further heightened by the
proposal that the function of Nramp1 was bidirectional
depending on pH (52).

More information about the function of Nramp1 function
came from biochemical comparison with its counterpart
Nramp2 (DMT1). Although discovered after Nramp1, DMT1
has been much better characterized at the molecular level (42).
The latter functions as a proton symporter with a selectivity
rank of Cd2��Fe2��Co2� � Mn2���Zn2� (53). Other inter-
acting metals include Ni2�, Pb2�, and possibly Cu2� and Ag2�

(42, 54 –56); although not all metals have been tested experi-
mentally, a few have been ruled out as transport substrates (Fig.
1A). Comparative studies of Nramp1 and DMT1 expressed at
the cell surface with an epitope tag have identified both trans-
porters to have similar structural topology and cellular mem-
brane distribution (57). Studies in HEp-2, HeLa, and COS-7
cells localized DMT1 to recycling endosomes, where it trans-
ports iron from transferrin into the cytosol (58, 59). DMT1 also
becomes associated with phagosomes in J774 macrophages

FIGURE 1. Metal transporters combat infection. Panel A highlights metals within the periodic table of elements that have been studied as potential substrates
for Nramp1 and/or DMT1. Panel B shows a structural homology model with 12 transmembrane-spanning domains representing two pseudo-symmetric halves.
The loop between membrane domains 7– 8 has been topologically determined to face the extracellular milieu. Also indicated is the proximity of Gly-169 and
Gly-185 residues in the fourth transmembrane domain (cross-mark). Amino acid substitutions at this site in mice and rats disable transport function and stability
of the membrane transporters Nramp1 and DMT1, respectively. Panel C depicts the cellular localizations of iron and manganese transporters that may provide
host resistance as discussed in the text. Panel D outlines the double-edged sword of iron transport. As iron levels increase, the susceptibility to pathogen
growth and virulence is known to increase with decreasing survival of host. Conversely, iron depletion disables the appropriate inflammatory response
necessary for NO production and cytokine expression.
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along with Nramp1, suggesting that the transporters pump
metals out into the cytosol and sequester them from pathogens
that attempt to take up intracellular residence in this compart-
ment (60). Although it is clear that the H� gradient is important
to the cotransport of metals by DMT1, it has yet to be rigorously
determined whether Nramp1 is a cotransporter (32, 57) or an
exchanger (52, 61).

Structural modeling predicts that the Slc11 transporters have
12 membrane-spanning domains (Fig. 1B). Based on homology
with members of the LeuT superfamily, Nramp1 and DMT1
most likely have pseudo-symmetry with domains 1– 6 and
domains 7–12 representing N- and C-terminal halves, respec-
tively (44). The loop between domains 7 and 8 is extracellular
and glycosylated (57, 62). In a curiosity of nature, DMT1 allelic
variants have been found in mice (41) and rats (58) with the
same G185R substitution in the predicted fourth transmem-
brane-spanning domain. In structural models, these mutations
are proximal to the Nramp1 G169D mutation that con-
fers susceptibility to infections. Like the Nramp1 mutant,
DMT1G185R also appears to be an unstable protein of
impaired function (63). Both microcytic anemia (mk) mice and
Belgrade (b) rats that carry the mutant DMT1 allele display iron
deficiency phenotypes with limited iron uptake from the diet
and impaired heme metabolism. It has also been demonstrated
that Belgrade rats have perturbed manganese transport and
metabolism (64, 65). Studies of mk mice support an important
role for DMT1 in intestinal iron absorption (41), whereas stud-
ies using Belgrade rat reticulocytes confirm that DMT1 func-
tions to export iron from the endosome to the cytosol, where it
can be utilized for heme synthesis and other metabolic pur-
poses (66). It is important to note that cellular localization stud-
ies of DMT1 are consistent with the transporter’s function in
intestinal iron uptake and release of iron from endosomes after
endocytic uptake of transferrin (63). Impairment of both path-
ways leads to systemic iron deficiency in the host, ultimately
limiting pathogen nutrient availability. Fig. 1C depicts the rela-
tionship between cellular localization of Nramp1 and DMT1
and their functions.

Roles of Other Transporters

The iron export protein ferroportin was identified in
zebrafish (67) and mice (68, 69). Also known as MTP1 (metal-
transporting protein-1) or Ireg-1 (iron-regulated transporter-
1), this transporter was referred to as HFE4 due to its associa-
tion with hereditary hemochromatosis type 4 or “ferroportin
disease” (70, 71). Initially termed Slc11a3 as a third member of
solute carrier family 11 (proton-coupled divalent metal ion
transporter), its function and most likely its mechanism are
quite different. It is now recognized as the first member of sol-
ute carrier family 40 (iron-regulated transporter or Slc40a1).

Activation of macrophages with LPS or interferon-�
enhances ferroportin expression (72). When challenged with
Salmonella typhimurium or Mycobacterium tuberculosis,
macrophages also up-regulate ferroportin expression (73, 74).
In turn, this iron exporter reduces intracellular iron otherwise
available to pathogens. As a sequella of infection, release of the
inflammatory cytokine IL-6 induces the expression of hepcidin,
an iron regulatory hormone, which binds to ferroportin and

promotes its internalization and degradation in lysosomes (56).
This mechanism ultimately diminishes the release of iron from
macrophages, which play an important role in recycling the
metal from senescent red cells after erythrophagocytosis. In
addition to macrophages, ferroportin is also found on the baso-
lateral surface of enterocytes, where it mediates dietary iron
uptake by exporting the metal across the intestinal epithelium
to circulation. Thus, increased hepcidin reduces systemic iron
by controlling iron absorption and recycling to promote hypo-
ferremia. This hypoferremia or “anemia of inflammation” ulti-
mately affords systemic protection against infection (75).

In hereditary hemochromatosis type 1, disruption of hepci-
din regulation leads to higher-than-normal ferroportin levels;
consequently, excess iron accumulates in the host. Individuals
with hemochromatosis are susceptible to infections (Vibrio,
Yersinia, E. coli), but the overexpression of ferroportin reduces
iron in macrophages such that resistance to obligate intracellu-
lar pathogens is observed (Mycobacteria, Salmonella, Legion-
ella) (76). In vitro studies show that overexpression of ferropor-
tin disrupts M. tuberculosis growth (77), diminishes growth of
Salmonella (78), and reduces HIV replication (79). Conversely,
studies of flatiron mice, which have ferroportin deficiency (70,
76, 80), demonstrate that loss of its export activity confers
greater susceptibility to intracellular pathogens (81). Macro-
phages from these mice support greater growth of Chlamydo-
phila psittaci, and this effect was lost upon iron chelation (81).
Using flatiron macrophages, studies have also revealed that
Leishmania amazonensis blocks ferroportin expression to
inhibit iron export as a strategy to promote its intracellular
growth (82). Because ferroportin has been implicated in Mn2�

transport (83, 84), it is possible that it exerts antimicrobial roles
to block pathogen acquisition of this metal as well. Interest-
ingly, DMT1 is also implicated in dietary Mn2� (65). Hepcidin
does appear to play a role in regulating intake of this metal (85),
but whether it exerts effects on ferroportin or DMT1 (or both)
is unclear (86).

The zinc transporter Zip14 (Slc39a14) also plays a role in iron
homeostasis (87– 89). Zip14 is expressed in liver, heart, and
pancreas (90), the tissues most affected by iron loading, and in
vitro studies have shown that Zip14 imports iron in addition to
zinc (87, 91). Zip14 appears to function in both transferrin-
bound iron uptake and non-transferrin-bound iron transport.
The latter plays a role in clearing excess iron from circulation in
conditions such as hemochromatosis, and it has been proposed
that Zip14, rather than DMT1, is the predominant transport
pathway for iron in hepatocytes (92).

Also like Nramp1, the inflammatory cytokine IL-6 up-regu-
lates expression of Zip14 (87). This observation is important
because infections are not only associated with hypoferremia,
but also with hypozincemia. Lower availability of zinc nega-
tively impacts pathogen growth in much of the same way iron
and manganese withdrawal combats infection (11). Notably,
Zip14 knock-out mice have reduced circulating zinc after LPS
injection, but they do not display hypoferremia. Thus, regula-
tion of metal metabolism by the immune response can be
exerted via multiple transport pathways to target specific met-
als. Interestingly, LPS-induced inflammation is not only associ-
ated with increased hepatic zinc accumulation, but cadmium
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levels in the liver also rise, suggesting a role for Zip14 in this
mechanism, too (93).

Another zinc transporter, Slc30a10, has been implicated in
manganese export. Slc30a10 is highly expressed in the liver and
the brain. Recent genetic studies identified mutations in the
human gene that were associated with hypermanganesemia.
Loading of this metal is observed in both tissues, resulting in
cirrhosis of the liver and Parkinson-like motor impairments
(94, 95). Due to the roles of manganese (and zinc) in combat-
ing infection, one speculation is that this transporter may also
participate in the host immune response. Further study of
this transporter and patients affected by mutations in the
SLC30A10 gene is warranted to better understand how disrup-
tions in manganese metabolism may affect the course of micro-
bial infection.

Table 1 outlines known characteristics of Nramp1 in com-
parison with other transporters known to combat infection.
Fig. 1C shows how their cellular distribution and transport
activity help to move metals to and from various cellular
compartments.

Resistance versus Risk

Despite our expanding knowledge about the regulation of
metal transport during infection, precisely how the activity of
Nramp1 combats infection remains to some extent uncertain.
This membrane protein most likely has many functions that
contribute to multiple pathways. It has been proposed that the
transporter’s mechanistic effects simply reflect changes in the
level of iron and other metals to alter ROS-regulated signaling
and pro-inflammatory pathways that are important for antimi-
crobial defense mechanisms. It is known that impaired Nramp1
limits NO production and alters cytokine expression in macro-
phages (96). These responses could reflect changes in iron con-
tent at the cellular level because studies have shown that macro-
phage cytokine translation is altered by iron homeostasis (97).
Studies in Nramp1 knock-out mice suggest that its key role
might be to enable a faster pro-inflammatory response associ-
ated with increased cytokine gene expression (39). Biochemical
studies have suggested that Nramp1 regulates protein tyrosine
phosphatase activity, and changes in the transporter’s activity
may modulate signal transduction pathways involved in the
macrophage inflammatory response (98). Its function in this
signaling pathway may in fact play a key role in lymphocyte
activation, too (43).

It is possible that the influence of Nramp1 on the divalent
metal content of phagosomes and inflammatory responses is
yet still secondary to dysregulation of iron homeostasis through

effects on other transporters. Early studies suggested that
Nramp1 impairment reduced iron release from macrophages
(99). Later investigations of knock-out mice showed that iron
accumulates in liver and spleen during erythrophagocytosis
(40). Both DMT1 and ferroportin are up-regulated upon loss of
Nramp1 function; therefore Nramp1�/� mice have increased
transferrin saturation presumably due to enhanced dietary
uptake as well as impaired macrophage iron recycling. Because
increased iron is associated with susceptibility to infections,
these changes would shift the balance to confer susceptibility.

Such additional roles of metal transport beyond simple nutri-
ent limitation must be better appreciated in the inflammatory
response to infection because there is a need to balance resis-
tance to infection with risk imparted by disturbances in immu-
nostasis. As an interesting example, human mutations in the
gene for Nramp1 influence tuberculosis infection and rheu-
matic disease with pleiotropic effects (100). Several human
polymorphisms in the SLC11A1 gene harbor 5�-(GT)n micro-
satellite repeats with the two most frequent alleles differing by
one GT repeat, which affects the gene’s promoter activity.
Allele 3 appears to yield higher expression of Nramp1, whereas
allele 2, which is proposed to promote Z-DNA formation, yields
lower expression. A model has been proposed wherein low-
expressing allele 2 induces chronic infection with low macro-
phage killing, whereas allele 3 is associated with acute infection
and greater pro-inflammatory potential. Human studies sug-
gest that the latter is associated with increased risk of tubercu-
losis and other infectious diseases (Table 2). The balance
reflects the critical importance of metal homeostasis dia-
grammed in Fig. 1D. Too little iron affects our ability to pro-
mote the appropriate inflammatory response and may be asso-
ciated with auto-immune and other diseases, whereas too much
iron fosters human susceptibility to infectious disease. Achiev-
ing the optimum level of iron and other metals is the necessary

TABLE 1
Cellular distribution and function of metal transporters

Transporter Localization Function

Nramp1 (Slc11a1) Late endosome/phagosome (macrophages) Export divalent metals
Nramp2/DMT1 (Slc11a2) Apical membrane (intestine) Absorb divalent metals (from diet)

Endosome (reticulocytes/other cells) Export divalent metals (from endosome)
Kidney Metal reabsorption?

Ferroportin (Slc40a1) Basolateral membrane (intestine) Absorb divalent metals (from intestinal enterocyte)
Macrophages (spleen, liver) Recycle iron (after erythrophagocytosis)
Hepatocytes Release iron from stores

Zip 14 (Slc39a14) Liver, heart, pancreas Clearance of non-transferrin-bound iron (liver)
Slc30a10 Liver, brain Excrete excess manganese (biliary pathway in liver)

TABLE 2
Risk of chronic and infectious disease associated with human alleles
encoding Nramp1
See Ref. 100 and references therein.

SLC11A1

Inflammatory disease
Rheumatoid arthritis Allele 2, allele 3
Inflammatory bowel disease Allele 7
Type 1 diabetes Allele 3
Multiple sclerosis Allele 3, allele 5

Infectious disease
Tuberculosis Allele 2
Leprosy Other polymorphisms
HIV Allele 3
Leishmania Allele 3
Meningococcal meningitis Allele 3
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and coordinated task of transporters such as Nramp1, DMT1,
ferroportin, and others. Although metal transporters help com-
bat infection, we must remember that they have essential roles
that maintain human health that are not limited to infectious
disease.
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The S100 family of EF-hand calcium (Ca2�)-binding proteins
is essential for a wide range of cellular functions. During infec-
tion, certain S100 proteins act as damage-associated molecular
patterns (DAMPs) and interact with pattern recognition recep-
tors to modulate inflammatory responses. In addition, these
inflammatory S100 proteins have potent antimicrobial proper-
ties and are essential components of the immune response to
invading pathogens. In this review, we focus on S100 proteins
that exhibit antimicrobial properties through the process of
metal limitation, termed nutritional immunity, and discuss sev-
eral recent advances in our understanding of S100 protein-me-
diated metal sequestration at the site of infection.

S100 proteins are EF-hand Ca2�-binding proteins involved
in a diverse array of both intracellular and extracellular regula-
tory functions (1– 6). Over 20 S100 proteins have been identi-
fied, and all have a characteristic dimeric structure distinct
from other EF-hand proteins (7). Like many EF-hand proteins,
Ca2� signaling function is associated with a binding-induced
conformational change exposing a hydrophobic patch that gen-
erates specificity for target proteins (8, 9). Within the cell, S100
proteins regulate numerous important processes including
Ca2� homeostasis, energy metabolism, and cell proliferation
and differentiation. Remarkably, certain S100 proteins can be
secreted and/or released by cells, and among these, some play
an important role during infection and inflammation (1). In
particular, extracellular S100 proteins can act as damage-asso-
ciated molecular pattern (DAMP)3 proteins and initiate a pro-
inflammatory immune response through interaction with pat-
tern recognition receptors and the receptor for advanced
glycation end products (RAGE) (10, 11). Furthermore, through

the process of nutrient metal limitation, several S100 proteins
have been shown to be antimicrobial and play a key role in host
defense at the host-pathogen interface (12–17). In this review,
we provide insight into structure and function of the three S100
proteins with antimicrobial and inflammatory properties:
S100A7 (psoriasin); S100A8/S100A9 (calprotectin; calgranulin
A and B; MRP-8 and 9); and S100A12 (calgranulin C).

Key Properties of S100 Proteins with Antimicrobial
Activity

Structure and Metal Binding

The basic unit of EF-hand proteins is a helix-Ca2� binding
loop-helix motif; these motifs are typically packed in pairs to
form a stable globular four-helix bundle domain (8). Each S100
protein contains a distinctive S100-specific N-terminal EF-
hand motif and a C-terminal canonical EF-hand motif (Fig. 1).
The fundamental structural unit of S100 proteins is a highly
integrated antiparallel dimer (7); all S100 proteins form this
structure as homodimers, and some will also heterodimerize.
S100A8 and S100A9 are unique among all members of the fam-
ily because they preferentially form a heterodimer (18), which is
termed calprotectin based on its role in innate immunity. S100
proteins are also known to form higher order oligomers, usually
mediated by high levels of Ca2� or Zn2�.

Like other EF proteins that function in signaling, the binding
of Ca2� causes a conformational change, in this case within
each S100 protein subunit (Fig. 1A) (8, 9, 19). Ca2� plays an
important role in the functional duality of calprotectin. Inside
cells, where the basal level of Ca2� is in the nanomolar range,
calprotectin can serve as a sensor of Ca2� signals, which are
associated with �100-fold increase in Ca2� concentration into
the micromolar range. This in turn results in the binding of
ions, conformational change, and interaction with intracellular
target proteins. Ca2� is also known to stimulate formation of
higher order oligomers of S100 proteins, including S100A8/
S100A9 tetramers that have been suggested to play a role in
some of calprotectin’s activities (15, 20 –22). In the extracellular
milieu, S100 proteins do not function as Ca2� sensors because
Ca2� concentration is in the mM range and the proteins are
perpetually Ca2�-bound. Secretion of S100 proteins therefore
causes a change in the functional properties. Thus, it has been
proposed that Ca2� may act as the molecular switch between
the intracellular and extracellular functions of calprotectin
(21). Because extracellular calcium is constant, the molecular
switch can also be viewed as the secretion of the protein.
Regardless, extracellular function of calprotectin is governed by
being Ca2�-bound. Importantly, Ca2� has been shown to stim-
ulate the binding of transition metals in calprotectin, which as
discussed below is essential for its role in host defense against
pathogens (2).

S100 proteins are distinguished from other EF-hand proteins
by the presence of two transition metal binding sites at the
dimer interface. In calprotectin, the first transition metal bind-
ing site (Site I) is capable of binding both zinc (Zn2�) and man-
ganese (Mn2�) with high affinity (Kd (Zn2�) �10�9 M, Kd
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(Mn2�) �10�7-10�8 M), whereas the second binding site (Site
II) binds only Zn2� with high affinity (Kd (Zn2�) �10�9 M) (12,
20 –22). An x-ray crystal structure, as well as spectroscopic and
mutagenesis studies, revealed that the Zn2� binding in Site I
involves His-17 and His-27 from S100A8 and His-91 and
His-95 from S100A9, whereas chelation of Mn2� involves the
same four residues along with two additional histidine residues
from the C-terminal tail of the S100A9 subunit (Fig. 1A), which
enable binding in the requisite octahedral geometry (12, 21, 22).
Remarkably, a His6 Mn2� binding site is unique to calprotectin
and is not seen in any other Mn2�-binding protein. Site II che-
lates Zn2� with His-83 and His-87 from S100A8 and His-20 and
Asp-30 from S100A9 (Fig. 1A) (12, 20, 21), but lacks appropri-
ately positioned additional ligands to enable high affinity bind-
ing of Mn2�.

In contrast to calprotectin, S100A7 and S100A12 function as
homodimers (6, 23–25). S100A7 binds two Zn2� ions at sym-
metrically disposed sites across the dimer interface using resi-
dues His-86 and His-90 from one subunit and residues His-17
and Asp-24 from the other (Fig. 1B) (23). Binding of Zn2� is
believed to stabilize the dimer and potentially mediate S100A7
function during infection (23). S100A12 homodimerization
leads to the formation of two symmetrically disposed transition
metal binding sites capable of binding Zn2� and Cu2� (24). The
ions are ligated by His-15 and Asp-25 from one subunit and
His-85 and His-89 from the other subunit of the (Fig. 1C) (24).
Interestingly, metal binding at these sites leads to substantial
changes in the functional properties of S100A12. At the bio-
chemical level, Zn2� binding stimulates a 1500-fold increase in
Ca2� binding affinity (24). Furthermore, Zn2� and Cu2� bind-
ing promote formation of an S100A12 tetramer (24). As dis-
cussed below, this tetrameric form of S100A12 likely mediates
important inflammatory functions during infection.

Expression and Regulation of S100 Proteins

To maximize the protective function of antimicrobial S100
proteins while simultaneously maintaining immune system
homeostasis, expression of S100 proteins is tightly regulated (1,
4). Calprotectin and S100A12 are primarily expressed in cells of
myeloid origin, such as neutrophils, monocytes, and early
macrophages (5, 26, 27). In neutrophils, calprotectin accounts
for over 40% of the cytoplasmic fraction, highlighting its impor-
tance in the neutrophilic immune response (28, 29). Expression
of calprotectin and S100A12 can be induced in keratinocytes,
endothelial cells, and epithelial cells during inflammation (27,
30 –34). Furthermore, various in vitro studies have shown that
induction of macrophages with pro-inflammatory cytokines
can lead to the expression and release of calprotectin and
S100A12 (35–37). Secretion of S100 proteins including calpro-
tectin and S100A12 is facilitated by: (a) active release through
intact microtubule networks in a Golgi-independent pathway
(38); (b) release during the formation of neutrophil extracellular
traps (39); or (c) release through passive release during cell
necrosis (40). At some sites of infection and inflammation, cal-
protectin concentrations exceed 1 mg/ml, suggesting massive
expression and/or mobilization of this protein during infection
(41). S100A7 is constitutively expressed in skin at relatively high
levels, and expression is amplified in keratinocytes upon induc-
tion by pro-inflammatory cytokines IL-17 and IL-22 and bacte-
rial products, such as flagellin (42). The differential expression
profiles of S100 proteins allow for an immediate antimicrobial
response upon infection in certain tissues, while limiting poten-
tially detrimental inflammatory responses associated with each
of these proteins. The capacity for S100 proteins to mediate
inflammation and the potential link to chronic inflammatory
disease will be discussed below.

S100 Proteins during Infection

Inflammatory Response and Regulation

In the extracellular matrix, S100 proteins can act as potent
modulators of inflammation. Once released by cells, these pro-
teins are classified as DAMPs because of their important role in
regulating inflammatory responses (10). Extracellular S100
proteins can exhibit chemokine- and cytokine-like activity, ini-
tiate pro- and anti-inflammatory responses, and interact with
pattern recognition receptors. Growing evidence suggests that
S100-mediated inflammation is driven by endogenous interac-
tion with pattern recognition receptors including RAGE and
Toll-like receptors (10, 11). It has been demonstrated that cal-
protectin is an endogenous agonist of TLR4 (43). Binding to
TLR4 and several other components of the lipopolysaccharide
complex initiates a signaling cascade that promotes inflamma-
tion, autoimmunity, and tumor development in an NF-�B-de-
pendent manner (43– 45). Apart from TLR4, evidence also
suggests that calprotectin, S100A7, and S100A12 each indepen-
dently interact with RAGE. S100 protein activation of RAGE
drives an NF-�B-mediated pro-inflammatory response and
recruitment of neutrophils, monocytes, and macrophages (11,
46 – 48). Additionally, calprotectin has been suggested to acti-
vate pro-inflammatory cytokine production in monocytes and
macrophages through NF-�B and p38 MAPK pathways (47,

FIGURE 1. Structures of S100 proteins involved in nutritional immunity. A,
structure of Zn2�-bound S100A7 homodimer (23). B, structure of Cu2�-
bound S100A12 homodimer (55). C, structure of S100A8/S100A9 calprotectin
heterodimer bound to Zn2� in Site II and Mn2� in Site I (12, 75).
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49). During infection, calprotectin also acts as a chemotactic for
neutrophils and can promote neutrophil adhesion at the site of
infection in a RAGE-independent manner (50). Beyond their
role in the pro-inflammatory response during infection, these
three S100 proteins may also have important anti-inflamma-
tory functions. For example, calprotectin appears to have the
ability to scavenge reactive oxygen species (ROS) (51, 52). It has
been proposed that scavenging enables calprotectin to mini-
mize collateral damage associated with neutrophil ROS (27).
Furthermore, calprotectin inhibits growth or promotes apopto-
tic and autophagy-like death in several cell types including
macrophages, lymphocytes, endothelial cells, and tumor cells
(53, 54). Taken together, these data suggest that the impact of
the three S100 proteins on the immune response is complex
and likely dependent on a combination of factors including the
local concentration of metal ions, the distribution of immune
cells, and the site of infection.

An important concept associated with S100 proteins is the
regulatory role that metal binding plays in modulating struc-
ture and functions of these proteins. As noted above, Zn2�and
Ca2� stimulate oligomerization of S100A12. Interestingly, olig-
omerization is believed to be required for RAGE binding and
subsequent inflammation (55). Evidence also suggests that the
RAGE-dependent chemo-attractant activities of S100A7 may

be dependent on Zn2� binding (56). Similarly, Ca2� binding
stimulates transition metal binding, which is essential for extra-
cellular functions. Binding of Zn2� has also been suggested to
mediate calprotectin’s apoptosis-inducing activity (57). The
ability to control function via concentration or localization of
transition metal ions may allow for the immense adaptability
and diversity of activities seen in many S100 proteins.

S100 Proteins Associated with Inflammatory Diseases

Table 1 lists the specific association of S100A7, S100A8/
S100A9, and S100A12 with inflammatory diseases (Table 1),
which is not surprising given their expression patterns and
immunomodulatory effects during inflammation. Calprotectin
and S100A12 are present at high concentrations in inflamed
tissues that harbor neutrophil and monocyte infiltrate. Simi-
larly, S100A7 is present at high abundance in inflamed skin. It
has been suggested that release of these S100 proteins during
inflammation is at least partially associated with Ca2� influx
upon activation of monocytes (35). Calprotectin and S100A12
have been associated with various inflammatory diseases such
as rheumatoid arthritis, psoriasis, and inflammatory bowel dis-
ease (10, 32, 58). Furthermore, these proteins are believed to
play an important role in several cancers (59 – 61). Similarly,

TABLE 1
S100 proteins in nutrional immunity
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S100A7 is linked to several inflammatory skin diseases, includ-
ing psoriasis and atopic dermatitis (42, 62).

The mechanism by which the three antimicrobial S100 pro-
teins mediate autoimmune, inflammatory, and pro-cancer
activities is directly associated with their role as potent immune
modulatory DAMPs. Through the activation of pro-inflamma-
tory signaling cascades at the sites of disease, these proteins
contribute to a positive feedback loop that produces overly
active inflammatory responses and pro-tumor microenviron-
ments. Due to their association with inflammation, these pro-
teins have also been exploited as noninvasive biomarkers for
several disorders, including inflammatory bowel disease, rheu-
matoid arthritis, and colon cancer (63– 65). In addition, they
represent logical targets for therapeutics that aim to minimize
aberrant inflammation associated with disease.

Hypercalprotectinemia is an extremely rare inflammatory
disorder that is associated with extraordinarily high levels of
calprotectin. The few patients who have been described with
this disorder have abnormally high levels of Zn2� in their tis-
sues and develop aberrant systemic inflammatory responses
(66 – 69). Chronic inflammation leads to symptoms such as der-
mal ulcers, folliculitis, and anemia. To this point, the mecha-
nisms that drive this rare disease are largely unknown; however,
it is postulated that calprotectin catabolism may be defective in
these individuals (66). Furthermore, it is possible that calpro-
tectin release into the extracellular matrix is dysregulated dur-
ing hypercalprotectinemia, leading to increased release of cal-
protectin and a subsequent hyperactive systemic inflammatory
response.

Nutritional Immunity

During infection, invading bacterial pathogens require
access to essential transition metals to colonize the host and
cause disease (70). To combat this, the host exploits the patho-
gen’s need for nutrient metals by producing factors that limit
metal availability and starve pathogens in a process termed
nutritional immunity. The S100 protein calprotectin is the best
studied of these nutritional immunity factors. Calprotectin has
broad-spectrum antimicrobial activity based on its ability to
sequester Zn2�and Mn2� at the site of infection. Several recent
studies have shown that it inhibits growth of numerous impor-
tant human pathogens in vitro including Staphylococcus
aureus, Acinetobacter baumannii, Candida albicans, and Heli-
cobacter pylori (13, 14, 16, 39). In each case, calprotectin-medi-
ated inhibition is reversed by ablating calprotectin metal bind-
ing activity through mutagenesis or by complementing with
excess Zn2� or Mn2�. Utilizing S100A9�/� mice, which are
calprotectin-deficient, several studies have shown that calpro-
tectin is important for protecting against bacterial infection in
murine models of A. baumannii pneumonia, H. pylori gastric
infection, S. aureus systemic infection, and C. albicans subcu-
taneous and pulmonary infections (12–14, 16, 39). These in vivo
studies demonstrate the importance of calprotectin-mediated
nutritional immunity during infection.

There have been few studies to establish the microbial pro-
cesses that are impacted by calprotectin metal limitation. Inter-
estingly, calprotectin-mediated sequestration of Mn2� at the
site of infection increases S. aureus susceptibility to neutrophil

killing by superoxide through the inhibition of the staphylococ-
cal Mn2�-dependent superoxide dismutase defense system.
This is one example of how calprotectin-induced metal restric-
tion impacts bacterial metabolism (16). These findings suggest
that at the host-pathogen interface, calprotectin functions by
outcompeting or stripping metals from pathogen metallopro-
teins, rendering them inactive and weakening their defenses to
the host immune response. In some cases, pathogens have
developed the ability to compete with calprotectin-mediated
metal starvation in the gut. Salmonella serovar Typhimurium
expresses a high affinity Zn2� transporter (ZnuABC) to acquire
Zn2� during infection (17). This strategy confers resistance to
calprotectin-mediated metal chelation and allows S. Typhimu-
rium to thrive under conditions of inflammation in the gut and
outcompete the resident commensal bacteria (17).

As noted above, the binding of Ca2� has an effect on calpro-
tectin’s affinity for Zn2� and Mn2�, and therefore its function
(21, 71). Inside cells, the concentrations of free Zn2� and Mn2�

are held so low that even during Ca2� signaling events, it is
highly unlikely that calprotectin or other S100 proteins are
important for the homeostasis of these important transition
metals. In contrast, the higher levels of Ca2� in the extracellular
space maximize the affinity for Zn2� and Mn2�. This ensures
activation of the antibacterial activity that allows for calprotec-
tin to outcompete high affinity bacterial metal transporters for
Zn2� and Mn2� at the site of infection (16, 21).

In addition to calprotectin, accumulating evidence supports
a potential role for S100A7 in limiting bacterial infection
through metal limitation (42, 72), although there are differ-
ences in the effect on different organisms. At low doses, purified
S100A7 from keratinocytes has antimicrobial activity against
Escherichia coli, but at higher concentrations, S100A7 exhibits
killing activity against Pseudomonas aeruginosa and S. aureus
(42). The antimicrobial activity of S100A7 is dependent on the
limitation of Zn2�, as complementation with excess Zn2�

ablates bactericidal activity (42). Additionally, an alternative
mechanism for antimicrobial activity has been proposed, by
which S100A7 directly adheres to and reduces survival of E. coli
and potentially other pathogens found on the epidermis (73).
Through cross-linking to bacterial components, S100A7 may
reduce survival and act as a physical barrier during infection.
Further studies are needed to explore this phenomenon.

Human S100A12 possesses antimicrobial activity against
several parasites (5, 72). However, it has been difficult to study
in the context of infection because it is not present in mice. The
mechanism of antimicrobial activity is unclear, but it is tempt-
ing to speculate that S100A12-mediated metal limitation plays
a key role during infection. This hypothesis is supported by the
antimicrobial properties observed with calcitermin, a protein
homologous to the C terminus of S100A12. Calcitermin exhib-
its Zn2�-dependent antimicrobial activity against P. aerugi-
nosa, C. albicans, and E. coli (74). It has also been suggested that
Cu2� bound to S100A12 actively produces superoxide, which
could potentially be antiparasitic (72). Given the significant
gaps in our knowledge regarding the role of S100 proteins in
host defense against infection, it is clear that further research is
needed to characterize whether S100A12 contributes to nutri-
tional immunity. Furthermore, additional studies are required
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to define the mechanisms by which metal limitation impacts
invading organisms. We believe that developing a greater
understanding of the influence of metal limitation on an array
of organisms will lay the groundwork for development of novel
therapeutics to target critical pathogens.

Concluding Remarks and Future Challenges

Evidence strongly supports an important role for S100A7,
calprotectin, and S100A12 as antimicrobial proteins that pro-
tect against infection (Fig. 2). However, these S100 proteins can
also have a negative impact on the host by amplifying aberrant
pro-inflammatory responses and potentiating disease (Fig. 2). It
is clear that we are just beginning to understand the importance
of S100 proteins and the roles they play in both inflammation
and nutritional immunity. A detailed analysis of the mecha-
nisms that regulate S100 protein function during infection and
inflammation will improve our understanding of how immune
homeostasis is maintained during health and disrupted during
S100 protein-associated disease.

Critical insights have been obtained on the impact of S100
protein-mediated metal limitation at sites of infection. How-
ever, the impact of metal loading on S100 protein immunoregu-
latory effects at the site of infection remains largely unstudied.
With the development of techniques such as CRISPR-CAS9
genome editing, we anticipate an accelerating pace of discovery.
Interrogation of the metal binding sites of S100 proteins and
performing in vivo characterization at the site of infection will
provide critical new insights. It is anticipated that obtaining

better understanding of these complex processes will allow for
the development of therapeutics directed to S100 proteins and
their targets during aberrant inflammatory disease states, while
maintaining their essential role in nutritional immunity to
invading pathogens.

Consideration must be given to the specific environment
within the host where S100 proteins are interacting with the
both the immune system and the pathogen. During infection,
different tissues have dramatically altered metal concentra-
tions, cell types, and stresses. S100 proteins may be involved in
controlling transition metal distribution and homeostasis in
infected tissue. Understanding how S100 proteins differentially
function at diverse sites of infection and during infections by
different organisms is essential for elucidating their role in
nutritional immunity and inflammation. Key questions still
remain on the pathogen side of the host-pathogen interface.
Little is known about the targets of antimicrobial metal limita-
tion during infection. Elucidation of these pathogen factors
could lead to the development of novel drug targets that focus
on the fundamental nutrient requirements of pathogens. Con-
tinued work studying S100 protein biology in these contexts is
expected to lead to significant advances in our understanding of
infection, autoimmunity, and cancer.
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The possibility of a “post-antibiotic era” in the 21st century, in
which common infections may kill, has prompted research into
radically new antimicrobials. CO-releasing molecules (CORMs),
mostly metal carbonyl compounds, originally developed for
therapeutic CO delivery in animals, are potent antimicrobial
agents. Certain CORMs inhibit growth and respiration, reduce
viability, and release CO to intracellular hemes, as predicted,
but their actions are more complex, as revealed by transcrip-
tomic datasets and modeling. Progress is hindered by difficul-
ties in detecting CO release intracellularly, limited understand-
ing of the biological chemistry of CO reactions with non-heme
targets, and the cytotoxicity of some CORMs to mammalian
cells.

It is axiomatic that metal ions are essential in biology, but also
toxic in unregulated concentrations or locations. A corollary is
that selectively toxic metal compounds (such as compounds of
silver for infections resulting from burns and bismuth in fight-
ing Helicobacter pylori) have long been used as antimicrobial
compounds, antiseptics, and disinfectants (1). It is therefore
paradoxical that metal compounds are the most abundant class
of compounds for delivering carbon monoxide (CO) for thera-
peutic purposes in higher organisms. Although CO is a respira-
tory poison, it has “come of age” since the discovery that CO is
a cytoprotective and homeostatic molecule and a vasodilator,
anti-inflammatory, anti-apoptotic, and anti-proliferative agent
(2– 4). The biological chemistry of CO is relatively simple
(when compared with O2 and the “gasotransmitters” NO and
H2S) (5, 6). Its most important property is reaction with metals,
famously ferrous heme proteins, although some heme-indepen-
dent reactions are known, such as binding to iron in hydroge-
nases (7) and to binuclear copper sites, for example in hemo-
cyanins (8). In CO dehydrogenase, which oxidizes CO to CO2,
CO interacts with the nickel ion in one of the metalloclusters
(“C-cluster”) (9). Here we review the effects of CO and CO-re-

leasing molecules (CORMs)2 on microorganisms, experiments
that demonstrate the potential of CORMs, and highlight prob-
lems and prospects.

Development and Applications of CORMs

Resistance to antibiotics now threatens the effective preven-
tion and treatment of microbial infections (10). This scenario is
not an apocalyptic fantasy, and has promoted research into the
development of new antimicrobial agents. CORMs, originally
developed for therapeutic delivery (3, 4), have recently been
investigated for their antimicrobial activities, initially pre-
sumed to be mediated by CO. If the delivery of CO to targets
could be controlled and enhanced, it might be toxic to micro-
organisms; indeed, CO-supplemented gas atmospheres pre-
serve meat from bacterial spoilage (11). However, microbes
may also be relatively insensitive to the gas. Airborne bacteria
survive high urban CO concentrations (12), and bacterial cul-
tures may be bubbled with the gas (13); 250 ppm of CO is not
toxic (14). Furthermore, CO per se is not selectively toxic to
microbes; it is tolerated at about 3 mg/kg for 1 h in humans, and
no toxic effects are evident in animal models at efficacious
doses of the gas (when carbonmonoxyhemoglobin levels reach
�20%) (4).

The key to the use of CORMs as antimicrobials is that they
are far more toxic to microbes than is CO, but the basis of this
toxicity is poorly understood. Mann (3) authoritatively reviews
the discovery and development of CORMs. Early biological
studies investigated binding to heme proteins, vasodilation,
inhibition of NO production by macrophages (because CO
deactivates inducible NO synthase while activating guanylyl
cyclase), and survival of animals after organ transplantation (3,
15). Antimicrobial effects were not considered. Numerous
CORMs have been reported and synthesized, but here and in
Table 1, we describe only those that have been used against
microbes or hold particular promise (16 –26). Two ruthenium
compounds have been extensively used: CORM-2 and
CORM-3. The former has long been commercially available,
but the latter has only recently been marketed. Although
CORM-2 is soluble in dimethyl sulfoxide, the outstanding
merit of CORM-3 is water solubility (27, 28). However, it has
complex solution chemistry, and many aspects of its biological
fate and CO release remain unresolved. In water, CO release is
slow so that solutions can be prepared and administered with
ease, but CORM-3 releases CO rapidly in the standard assay
that uses ferrous myoglobin as acceptor, leading to the descrip-
tion of CORM-3 as a rapid CO releaser (27) (but see below).

Other CORMs are covered below where they have been used
as antimicrobial agents. Newer compounds with desirable ther-
apeutic effects are constantly appearing, but few have been* This work was supported by grants from the Biotechnology and Biological
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tested microbiologically (29, 30). Of particular interest are
CORMs in which the CO release can be precisely controlled
both spatially and temporally, either by triggering the inactive
“prodrug” with light (photoCORMs) (31) or by enzyme activa-
tion (32).

Analytical Methods as a Bottleneck in Understanding
CORM Toxicity

CO is generally assayed in environmental, clinical, or exper-
imental situations by measuring the characteristic absorbance
spectrum on reaction with myoglobin (above), or by GC-ther-
mal conductivity detection (33, 34), solution IR spectroscopy
(35), gas-phase IR absorption spectroscopy (36), attenuated
total reflection IR spectroscopy of a metal carbonyl (37), chro-
mogenic probes (38, 39), or metal oxide semiconductors (40).
The CO electrode produced by World Precision Instruments is
potentially useful but has been little used to date (22). An
amperometric microsensor simultaneously measures NO and
CO in mouse kidneys (40), but such electrodes are currently
unsuitable for detecting and quantifying CO released inside
microbes by CORMs.

The standard laboratory method for detecting CORM-de-
rived CO in vitro is the myoglobin assay (18) in which the lib-
erated CO reacts with ferrous myoglobin to give a distinct CO
adduct. The method compares favorably with GC-thermal con-
ductivity detection of CO (41). Refinements to the myoglobin
assay were proposed (42), but we demonstrated that it is the
reducing agent for myoglobin, sodium dithionite, that pro-
motes CO release (43); CO is not released from CORM-3 in the
absence of the reductant (43). It might be explained by the fact
that dithionite is not pure and contains a significant quantity of
sulfite, which is in equilibrium with sulfur dioxide, a good
ligand for transition metals. This fits with the observation that,
on dissolution in buffers in a closed vial, only CO2, resulting
from the water-gas shift reaction, can be detected (by GC) (33).
The mechanism of CO release from CORM-3 remains un-
known as its chemistry is complex (28), but decomposition
products of CORM-3 react with exposed His residues on
protein to give metalloproteins that spontaneously release
CO (44). Thus, in biological situations where dithionite (or
sulfite, metabisulfite, or perhaps other species) are absent,
the myoglobin assay overestimates the rate of CO release.
Likewise, CORM-3 does not release CO to the purified fla-
vohemoglobin (Hmp) when reduced with NADH but does so
in the presence of dithionite (45). These findings probably
explain the discrepancy noted between the myoglobin assay
and the CO electrode (22), previously attributed to the need
for certain CORMs to interact “with biological components
to trigger the release of CO” (22). An alternative assay that
obviates the need for dithionite uses oxyhemoglobin (43).
Such globin assays could in principle be applied to CO assays
within bacteria; indeed Escherichia coli Hmp expressed at
high copy number is a sensitive monitor of CO liberated
inside bacteria from CORMs (45).

Newer methods with unrealized potential include FTIR and
photothermally induced resonance to detect an organometallic
carbonyl compound (not a CORM) in breast cancer cells (46).
More promising is Raman microspectroscopy to detect a man-
ganese CORM [(Mn(tpm)(CO)3]Cl (tpm � tris(1-pyrazolyl)-
methane) in colon cancer cells (47). A genetically constructed
fluorescent probe (COSer) comprises the CO binding selectiv-
ity of CooA, a dimeric CO-sensing heme protein from Rho-
dospirillum rubrum, and a fluorescent peptide to report con-
formational changes on binding CO (48). Transfection of HeLa
cells with COSer allowed intracellular imaging of CO after
treatment with CO or 1–10 �M CORM-2. A new fluorescent
probe (COP-1) based on palladium-mediated carbonylation
allowed selective CO detection in cells after CORM-3 treat-
ment (49). COP-1 has also been used in vitro to demonstrate
CO release from a photoCORM in the presence of endothelial
cells (35). Zobi et al. (50) have shown via synchrotron FTIR
spectromicroscopy that a photoactivated CORM conjugated to
vitamin B12 is taken up by fibroblasts. A photoCORM that is
also luminescent could be tracked by confocal fluorescence
microscopy (51). These methods have not been tested in bacte-
ria, but the attainable spatial resolution appears at present inad-
equate for subcellular localization.

TABLE 1
CORMs referred to in this review
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CO Metabolism in Microorganisms: Implications for
Pathogenesis

To understand the possible mechanisms of action of
CORMs, it is clearly important to appreciate how CO per se
impacts on microorganisms. DNA replication is inhibited by
CO (52), and the inhibition by CO of respiratory oxidases and
globins at heme targets has been known since the days of War-
burg and Keilin (reviewed in Ref. 53). However, CO also binds
to the di-iron site in bacterial NO reductases (54, 55) and to
iron, copper, and nickel sites in certain microbial proteins,
notably CO dehydrogenase (see above).

The relationship between CO and disease is complex, but
clues come from the observation that cigarette smoking and
CO, a component of smoke, have anti-inflammatory effects
against ulcerative colitis (56). However, the major CO source in
mammals is CO endogenously produced by heme oxygenase
(HO)-1 (57). Several bacteria also possess HO enzymes that
function to degrade heme that is imported for use as an iron
source (58, 59). HO activity contributes to pathogenesis in cer-
tain bacteria by scavenging iron from heme (58, 60).

There is extensive literature on sensing of gases (O2, NO,
CO) by mycobacteria and its role in dormancy. Mycobacterium
tuberculosis infection of macrophages and mice induces host
HO-1 expression (61). The CO thus produced, together with
iNOS-derived NO, stimulates expression (via the heme two-
component sensor kinases DosS and DosT and the cognate
response regulator DosR) of the bacterial dormancy regulon, a
group of about 50 genes with diverse functions (61, 62). A
recently described CO resistance gene (cor) in M. tuberculosis
appears important in dictating the outcome of the host-bacte-
rium battle; the virulence of a cor mutant is attenuated in a
mouse model of tuberculosis. Expression of the Cor protein in
E. coli is claimed to rescue it from CO toxicity, but the resis-
tance demonstrated was to CORM-2 not CO (63).

The HO (Hmx1) of the pathogenic yeast Candida albicans
and its product, CO, also contribute to pathogenesis (64);
mutagenesis of the HMX1 gene results in decreased virulence in
murine candidiasis, whereas exposure of mice to therapeutic
levels of CO increases C. albicans virulence. Inhaled CO par-
tially reverses the virulence defect of the null strain, and so the
data are consistent with CO-mediated suppression of acute
host inflammatory responses (64).

Heme Oxygenases of Mammalian Cells: Implications for
Infection

Mice deficient in HO-1 are susceptible to oxidant-induced
tissue injury, but administration of CO to animals exposed to
endotoxin decreases inflammation. HO-1- or CORM-2-de-
rived CO rescues mice from lethal endotoxemia and sepsis (65).
However, the role of CO in tackling a pathogen is less clear (66,
67). Indeed, suppression of inflammation might compromise
the immune system. Otterbein et al. (68) showed that CO gas
enhances phagocytosis, and Chung et al. (69) showed that CO
derived from HO-1 enhanced the host defense response to
polymicrobial sepsis in mice and contributed to bacterial clear-
ing by stimulating phagocytosis.

Enterohemorrhagic E. coli (EHEC) stimulate the rapid in-
ducible expression of the human enterocyte HMOX-1 gene that
encodes HO-1, and its activity is a critical modulator of the
innate immune response (70). Because HO-1 activity inhibits
iNOS induction, EHEC effectively suppresses NO generation,
and thus host antimicrobial activity. The CO donor CORM-2
also inhibited iNOS mRNA expression, thus identifying CO,
not bilirubin (another product of HO-1 activity), as the effective
species (but see caveats below regarding the non-equivalence of
CORMs and CO). Up-regulation of HO-1 was shown to offer
protection in mice against infection by Mycobacterium avium
or M. tuberculosis, whereas HO-deficient mice were more sus-
ceptible (71). Thus, HO-1 may be an important cytoprotective
protein in sepsis and inflammation.

CO is also implicated in the pathogenesis of Clostridium dif-
ficile. Inhibition of host HO activity by administering Zn pro-
toporphyrin IX to mice exacerbated the histopathological alter-
ations elicited by C. difficile toxin A; conversely, pretreatment
of mice with a CO donor (dimanganese decacarbonyl) reduced
the effect (60).

In a recent study, enteric microbiota isolated from pathogen-
free mice induced production of HO-1 in colons of wild-type
mice but not in colitis-prone interleukin (Il)10�/� animals (72).
However, pharmacological induction of HO-1 by Co(III) pro-
toporphyrin IX chloride protects interleukin� mice from
microbiota (Salmonella enterica serovar Typhimurium)-in-
duced colitis. Moreover, HO-derived CO reduced the numbers
of live bacteria recovered from various organs, whereas knock-
down of HO-1 in macrophages impaired bactericidal activity.
Thus, HO-1 and CO ameliorate intestinal inflammation
through promotion of bacterial clearance, in part explained by
promoting bactericidal activities of macrophages (72, 73).

Recently, Wegiel et al. (14) have proposed that ATP, acting as
a pathogen-associated molecular pattern, which is recognized
by innate immune cells, is released from viable bacteria in the
presence of CO and triggers activation of the macrophage,
inflammasome. and IL-1� secretion. Curiously, it is suggested
that an oxidase binds CO “to compel ATP generation much like
that observed in the ATP synthase mutant” (14). However,
Gram-negative bacteria are not known to possess periplasmic
ATP or to have mechanisms for secretion, so the observed
effect is poorly understood.

The Antimicrobial Effects of CO and CORMs in Vitro and
in Vivo

In many respects, CO is an attractive candidate for an anti-
microbial molecule; it is rarely metabolized and “stable,” is ade-
quately water-soluble, traverses cell membranes (5), and is a
molecule that is naturally generated in mammals, plants, and
certain microorganisms by HO (supplemental Table 1). There
is a rapidly growing literature on the diverse antimicrobial
effects of CORMs on bacteria (Fig. 1). Nobre et al. (16) first
described the use of CORMs as antimicrobial agents. CORM-2
and CORM-3 and compounds from Alfama, Inc. (ALF021, bro-
mo(pentacarbonyl)manganese, and ALF062, tetraethylammo-
nium molybdenum pentacarbonyl bromide) (Table 1) were
tested against laboratory strains of E. coli and Staphylococcus
aureus (16). For example, killing of greater than 20% was
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achieved within 1 h with 250 �M CORM-2, and more variable
killing was achieved with 400 �M CORM-3. Control experi-
ments with hemoglobin to sequester CO and the use of inactive
forms of the CORMs or solvent-only controls suggested that
CO release was the major cause of killing, yet a flux of CO gas
(�1 mM dissolved concentration) was markedly less effective
than the CORMs. Interestingly, CO was not detected in media
to which the CORMs were added, implying that CO release
occurs only intracellularly or that the CO liberated extracellu-
larly escapes from the culture.

Three important studies indicate the potential for CORM-
elicited antimicrobial effects in animal models. Chung et al. (69)
showed that CO from HO-1 enhanced the response to sepsis in
mice and stimulated phagocytosis, an effect mimicked by
injection of CORM-2. Second, CORM-2 and CORM-3 were
effective in protecting immunocompetent and immunocom-
promised mice when injected following Pseudomonas aerugi-
nosa-induced bacteremia (20), but CORM-371 was not (22).
The data suggest a direct bactericidal action rather than stim-
ulation of phagocytosis. Third, activity of ALF492 (tricarbonyl-
dichloro(thiogalactopyranoside)Ru(II)) (Table 1) was demon-

strated (17) in mice against the protozoan parasite Plasmodium
falciparum; the injected compound protected mice against
experimental cerebral malaria and acute lung injury without
formation of carbonmonoxyhemoglobin. The protective effect
was CO-dependent, and the CORM elicited expression of
HO-1, thus amplifying the protection. ALF492 was also shown
to be an adjuvant to the established antimalarial compound
artesunate (17).

However, most recent studies have used in vitro methods and
cast doubt on our understanding of the fundamental modes of
action, especially the suggestion that CORMs exert antimicro-
bial activities solely through CO release. Several authors have
reported that CORMs are more effective antimicrobial agents
than is CO (16, 21). For example, 100 �M CORM-3 was effective
against P. aeruginosa in vitro (20), but CO gas (�860 �M) was
not. Importantly, even 10 �M CORM-3 was effective against
antibiotic-resistant clinical isolates but was not inhibitory to
macrophage survival.

Recently, CORMs that release CO only on illumination have
been developed and tested as antimicrobial agents. The first
such study describes a manganese CORM (Table 1) that acts as

FIGURE 1. Sites of action and cellular consequences of bacterial exposure to CO and CORMs. Outcomes are generalized and pooled from the reported
effects of various metal carbonyl compounds (for details, see the text). The bacterial inner membrane (IM) is shown together with the outer membrane (OM)
and periplasm (P) at the top only. The OM is considered freely permeable to CORMs; transport events are therefore shown through the IM only. 1, CORMs enter
bacteria by unknown pathways and driving forces; CO enters by diffusion down concentration gradients. CORMs may in principle be exported. 2, CORM
releases CO intracellularly, leaving a metal-coligand fragment or iCORM. 3, transcription factors (TFs) sense CO, CORM, and iCORM, leading to global transcrip-
tional effects and modified protein profiles. 4, TFs are also activated by ROS that may be generated directly by cellular CORM chemistry or from leakage of
reducing equivalents from respiratory chains. 5, a typical simplified bacterial aerobic respiratory chain is shown comprising a flavin-containing NADH dehy-
drogenase, a ubiquinone (Q) pool, and a terminal heme-containing quinol oxidase. 6, CO binds to the oxidase active site, competing with oxygen and blocking
respiration. 7, ATP generation via ATP synthase is compromised. 8, CO (or CORM, not shown) may directly or indirectly interact with IM transporters. 9, diverse
cellular responses to CO and CORM exposure are reported. Four outstanding areas of uncertainty are highlighted (question marks): transport of CORMs into (or
out of) cells; intracellular mechanisms of CO liberation from CORMs; modification of TF function and gene expression by CORMs; and effects of CO and CORMs
on membrane transporters.
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a stable prodrug in the dark, whereas 365 nm illumination leads
to CO release to myoglobin (25). Only after irradiation is the
compound toxic to E. coli, in which CO-ligated terminal oxi-
dases can be detected following internalization of the com-
pound. This compound has the advantage of a well defined
inactivated form of CORM (iCORM) (25). Similarly, a trypto-
phan-derived manganese-containing complex (tryptoCORM)
that releases 1.4 mol of CO on irradiation at 465 nm, and 2 mol
at 400 nm, is toxic to E. coli but not to macrophages (26).

Concerns over the inexorable spread of antibiotic resistance
and the paucity of new antimicrobial drugs have led to studies
not only of CORMs as antimicrobials in their own right against
antibiotic-resistant clinical isolates (20, 74), but also as adju-
vants to established antibiotics, a common practice in clinical
therapy (i.e. combination therapy) (supplemental Fig. 1). In one
study, sub-lethal doses of CORM-2 were combined with met-
ronidazole, amoxicillin, and clarithromycin and found to po-
tentiate antibiotic effects on clinical isolates of H. pylori (75).
Two mechanisms of action were reported: inhibition of respi-
ration and of urease activity. CORM-2 decreased the measured
minimal inhibitory and minimal bactericidal concentrations
for all antibiotics. Similarly, CORM-2 acts as an adjuvant to
tobramycin against P. aeruginosa biofilms (76). In neither of
these studies was it reported whether the effects of CORM-2
and antibiotics together were truly synergistic or merely addi-
tive, as assessed by standard fractional inhibitory concentra-
tions (77). However, these potentiating effects observed with
CORMs have not been reported to our knowledge with CO gas,
although NO and H2S have been shown to confer some defense
against antibiotics (78).

Transcriptomic and Global Impacts of CORMs

Transcriptomic approaches have been highly informative
and emphasized the complexity of the CORM response. In the
first study (21), batch cultures of E. coli were used to explore
exposure to sub-inhibitory (30 –100 �M) concentrations of
CORM-3, aerobically and anaerobically. The down-regulation
of operons encoding key respiratory complexes (cytochrome
bo� and several dehydrogenases) was striking. Interestingly, the
cydAB genes encoding cytochrome bd-I, an inhibitor-resistant
terminal oxidase with a high oxygen affinity, were slightly up-
regulated. The genes most highly up-regulated were involved in
metal homeostasis, especially spy, which encoded a periplasmic
stress-response chaperone. Probabilistic modeling of the com-
prehensive datasets (21) identified global transcription factors
that are potential CO targets or sensors, notably the respiratory
metabolism regulators ArcA and Fnr. However, a similar study
using 250 �M CORM-2 (partly bactericidal within 30 min (16))
revealed (79) a gene set with few similarities to the CORM-3
study, but up-regulation of spy and down-regulation of some
respiratory operons were observed.

A more rigorous and reproducible approach to transcrip-
tomics is provided by chemostat (continuous) culture in which
all growth conditions, including growth rate, are maintained
over long periods, thus avoiding growth rate-dependent
changes in gene expression (80). Mclean et al. (81) used not only
CORM-3 but also the inactivated iCORM-3 (from which
negligible CO release can be shown) to dissect the effects of

CO release and other consequences of the E. coli response in
a chemostat. Transcriptomics revealed that the response to
iCORM-3 is lower than to CORM-3, but that numerous pro-
cesses are affected by both compounds, including energy
metabolism, membrane transport, motility, and the metab-
olism of sulfur-containing species, including cysteine and
methionine.

There is controversy regarding the roles of reactive oxygen
species (ROS) and antioxidants in the antibacterial effective-
ness of CORMs; the evidence in favor is given in Ref. 59. It is
established that inhibition of bacterial oxidase activity by CO
can lead to higher ROS levels (82), for example from exposed
flavins in NADH dehydrogenase (83). However, Tavares et al.
(84) propose the direct involvement of ROS in the toxicity of
CORM-2 and ALF062 to E. coli; both promote the production
of reactive oxygen species, an effect blocked by antioxidants.
Mutations in superoxide dismutase or catalase exacerbated
CORM toxicity, and CORM-2 induced expression of the DNA
repair/SOS system recA and raised levels of free iron in cells. In
contrast, treatment of P. aeruginosa with three CORMs did not
change ROS production (22).

Certain antioxidants (N-acetylcysteine (NAC) and ascorbic
acid) suppress H2O2 levels, and NAC, cysteine, and reduced
(but not oxidized) glutathione reverse CORM-3-mediated inhi-
bition of bacterial growth and respiration (20, 81). Glutathione
and cysteine also prevented killing of H. pylori by CORM-2, but
ROS could not be detected and ascorbic acid did not prevent
the antimicrobial effect of CORM-2 (75). Thus, the basis of the
effects of these sulfhydryl compounds remains poorly under-
stood but is important because many are intracellular com-
pounds and might promote or modulate CO release in vivo (81).
Significantly, the effects of antioxidants on CORM toxicity may
be linked, not only to counteracting the intracellular toxic
effects, but also to the uptake of the CORM. Jesse et al. (85)
found that NAC, widely used to abrogate CORM effects, not
only protected respiration from CORM-2 or CORM-3 but also
dramatically reduced (5– 8-fold) CORM uptake.

The transcriptomic evidence is contradictory. Many genes
implicated with intracellular redox stress were reported in
E. coli by some (79) but not all (21) authors. The genes spy, spb,
metF, and htpX seen by us (21) are described in Ref. 59 as “asso-
ciated with the generation of intracellular oxidative stress.”
However, the up-regulation of spy (the most dramatically
changed gene: 26 –100-fold (21), not 3-fold as reported in Ref.
59)) is attributed not exclusively to oxidative stress but to hypo-
chlorite-induced membrane disruption (86).

How Significant Is Respiratory Blockade in Determining
CORM Effectiveness?

Cellular respiration is inhibited by CO gas in vitro and in cells
via endogenous HO activity (87, 88). Although reaction of
CORM-derived CO with intracellular ferrous hemes has been
reported consistently (e.g. Refs. 21, 45, and 82), and functionally
distinct oxidases have differential sensitivities to CORMs (85),
inhibition of respiration is not the only factor affecting the bac-
tericidal activity of CORMs (22). CORMs may be toxic under
anoxic conditions in the absence of respiration (16, 20, 21).
Indeed, in mitochondria, CORMs may inhibit respiration (87,
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89) or not (90 –92). The reported uncoupling of mitochondrial
respiration by CORM-3 (deduced from stimulated oxygen con-
sumption rates) (90 –92) and by CORM-401 in cardiomyocytes
(93) is relevant to bacteria because CORM-3 at low doses also
stimulates respiration in E. coli (94). However, classical uncou-
pling appears not to be the cause because proton translocation
quotients and proton backflow rates are unaffected by
CORM-3 (94). The stimulatory effects may arise from reaction
of CO or CORMs with membrane channels as described in
mammalian cells (95–97).

What Is the Mechanism of CORM Activity against
Microorganisms?

Wherever an answer to this key question has been sought,
investigators have found that bacteria accumulate CORMs (16,
21, 81, 85), that CO is bound to identifiable targets (i.e. heme
proteins), and CO causes global changes in gene expression and
cell function (Fig. 1). Furthermore, CO gas (as evidenced from
data with HO-derived CO in vivo; see above) also perturbs
microbial behavior. However, although CORMs were originally
developed for safe and reproducible delivery of CO in mam-
mals, the evidence to hand, summarized above, makes it
improbable that CO delivery alone is the sole basis of the anti-
microbial effects of CORMs. What evidence supports this bold
claim? (a) Saturating solutions of CO gas barely perturb bacte-
rial growth. (b) Bacteria demonstrate multiple transcriptomic
changes to CORM-3 that cannot be understood in terms of
known CO biochemistry. (c) Bacteria respond to iCORM-3
from which no, or negligible, CO release can be demonstrated
in vitro. (d) Critically, cells lacking all hemes are also inhibited
by CORM-3 and reveal multiple transcriptomic changes (101).
(e) Finally, other compounds of Ru are taken up and have anti-
microbial properties, although they are not CORMs (e.g. Refs. 1
and 98). We have suggested (94) that a CORM functions as a
“Trojan Horse,” in which the metal carbonyl is the “horse,”
delivering a cargo of toxic CO; it is equally conceivable that the
toxic cargo is the metal fragment and that CO potentiates
uptake.

Future Prospects

Realizing the future potential for CORMs relies on greater
understanding of the modes of action of current CORMs and
the development of improved compounds with clinical com-
patibility, for example by making biocompatible CO carriers
(99). In the post-antibiotic era, there appears to be potential for
adjuvant/combination therapy in which CORMs can minimize
usage of established antibiotics or reduce the concentrations
needed to treat antibiotic-resistant “superbugs.” Apart from
methodological advances in detecting CO, a “CO-quenching”
agent would allow the essential dissection of the antibacterial
roles of the CO per se and the CORM; a water-soluble complex
has been tested as a CO “stripper” in a rat model (100). Other
areas of focus should be improved iCORMs that can be repro-
ducibly prepared and whose chemistry is understood, a study of
the potential for microbes developing resistance to CO or
CORMs, and a better understanding of the biological chemistry
of non-heme CO targets.
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Over the past half-century, The Journal of Biological Chemis-
try has been the venue for many landmark publications on the
topic of G protein-coupled receptors (GPCRs, also known as
seven-transmembrane receptors). The GPCR superfamily in
humans is composed of about 800 members, and is the target of
about one-third of all pharmaceuticals. Most of these drugs tar-
get a very small subset of GPCRs, and do so by mimicking or
competing with endogenous hormones and neurotransmitters.
This thematic minireview series examines some emerging
trends in GPCR drug discovery. The first article describes efforts
to systematically interrogate the human “GPCR-ome,” includ-
ing more than 150 uncharacterized “orphan” receptors. The
second article describes recent efforts to target alternative
receptor binding sites with drugs that act as allosteric modula-
tors of orthosteric ligands. The third article describes how the
recent expansion of GPCR structures is providing new opportu-
nities for computer-guided drug discovery. Collectively, these
three articles provide a roadmap for the most important emerg-
ing trends in GPCR pharmacology.

A remarkable array of extracellular signals, including pho-
tons, single ions, volatile odors, lipids, hormones, neurotrans-
mitters, and proteases, transmit signals via G protein-coupled
receptors. Once activated, these receptors engage a G protein
heterotrimer, or in some cases accessory proteins such as �-ar-
restins and protein kinases. The G proteins exchange GDP for
GTP, and the dissociated � and �/� subunits then activate var-
ious enzymes and ion channels inside the cell. RGS proteins
(regulators of G protein signaling) act to counter the effect of
GPCRs2 by accelerating G protein GTPase activity.

Much of the literature related to GPCR pharmacology has
focused on a relatively small number of hormone and neu-
rotransmitter receptors. Prominent among these are the recep-
tors for epinephrine, histamine, adenosine, acetylcholine, dop-
amine, serotonin, and opioids. There is a growing realization,
however, that GPCRs can also be regulated allosterically. Cur-
rent efforts to systematically match GPCRs with potential
drugs, including both allosteric and orthosteric modulators, are

described in the first minireview by Bryan L. Roth and Wesley
K. Kroeze (1). The potential of allosteric drugs is detailed in the
second minireview written by Patrick R. Gentry, Patrick M.
Sexton, and Arthur Christopoulos (2). Additional discovery
opportunities, arising from newly available GPCR crystal struc-
tures, are described in the third minireview by Ali Jazayeri, Joao
M. Dias and Fiona H. Marshall (3).

The completion of the human genome sequencing project
presented new opportunities, and new challenges, for drug dis-
covery. Prior screening efforts were conducted one receptor at
a time, typically with a tailor-made radioligand probe or second
messenger assay as a readout. As a consequence, the target
space was limited to a very small number of previously charac-
terized receptors. Bryan Roth and his colleagues have been at
the forefront of efforts to develop screens that are comprehen-
sive, highly parallel, and very high-throughput. The first mini-
review by Roth and Kroeze describes how these efforts have
required development of new tools such as broad-spectrum
functional readouts, sophisticated bioinformatics analysis, and
of course high-quality chemical libraries. The infrastructure
requirements are beyond those available to most academic and
industry laboratories. The resources developed by the Roth lab-
oratory are freely available, and have been used by more than
500 investigators over the past 5 years. These efforts have
already yielded a number of novel and candidate drug-like small
molecules (1).

Although most GPCR-directed agents mimic or block the
binding of some endogenous hormones or neurotransmitters
(the so-called orthosteric sites), it is also possible to modulate
the activity of GPCRs by targeting topographically distinct
(allosteric) binding sites. The second minireview by Gentry,
Sexton, and Christopoulos (2) describes some important con-
siderations when pursuing allosteric agents as drugs. As noted
by the authors, an allosteric agent might modulate one receptor
subtype but not another, despite the ability of both receptors to
bind a common orthosteric ligand. Thus allosteric agents have
the potential for improved pharmacological selectivity.

It is worth noting that all GPCR signal transduction is intrin-
sically allosteric as it involves the simultaneous and cooperative
binding of an agonist outside and a G protein (or accessory
protein) inside. In that light, it seems likely that allosteric bind-
ing sites might also exist for endogenous substances such as
phospholipids, sterols, and endogenous peptides as well as var-
ious receptor-binding proteins. Indeed one recent crystal struc-
ture revealed sodium bound to an allosteric site, near the ligand
binding pocket of the �-opioid receptor, responsible for the
“sodium effect” that has long been used to differentiate opioid
agonists from antagonists (4).

The growing number of crystal structures of GPCRs is likely
to reveal other examples of non-canonical binding sites that
might serve as potential drug targets, which brings us to the
third minireview by Jazayeri, Dias, and Marshall (3). These
authors describe technological advances leading to a rapid
growth in high-resolution GPCR structures, and how those
structures are transforming drug discovery efforts. Computa-

* The author declares that he has no conflicts of interest with the contents of
this article.
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tional drug-screening methods in particular have benefitted
from the existence of large chemical databases that annotate
the biological properties of small molecules. Investigators are
docking such molecules with potential binding pockets evident
in the crystal structures of various GPCRs. These efforts are also
allowing medicinal chemists to convert low-affinity drugs into
larger compounds with improved affinity and efficacy. These
methods are routine for soluble enzymes but are only now
being implemented for GPCRs.

Although structure-based screens hold great potential, the
spectrum of available structures remains fairly narrow. An even
greater challenge will be to design compounds that specifically
recognize an activated receptor conformation. To date, there is
only one crystal structure depicting an agonist-bound receptor
and G protein complex (5). There are as yet no structures of a
receptor bound to any of the known accessory proteins. Such
structures would facilitate the design of biased agonists, both
orthosteric and allosteric, that selectively promote coupling of
receptors to G proteins, �-arrestins, receptor kinases, RGS pro-
teins, and other GPCRs (as receptor oligomers). In the mean-
time, sophisticated computational techniques, including
molecular dynamics simulations (6) and structural informatics
analysis (7), are helping us to identify structural signatures and
dynamic properties unique to activated receptors (3).

Given the long history of GPCRs as drug targets, there is a
strong rationale for pursuing new receptor targets and new
binding sites within known targets. It is our hope that this
minireview series will provide a guidepost to these efforts in

receptor pharmacology, structural biology, and biological
chemistry.

Author Contributions—H. D. wrote the paper.
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G-protein-coupled receptors (GPCRs) are frequent and fruit-
ful targets for drug discovery and development, as well as being
off-targets for the side effects of a variety of medications. Much
of the druggable non-olfactory human GPCR-ome remains
under-interrogated, and we present here various approaches
that we and others have used to shine light into these previously
dark corners of the human genome.

G-protein-coupled receptors (GPCRs;2 7-transmembrane
domain receptors) historically have represented both the
most abundant and the most popular gene superfamily for
therapeutic drug discovery and development, with perhaps
30 – 40% of approved drugs targeting the non-olfactory
GPCRs (1, 2). Typical estimates are that, at any given time,
between 20 and 40% of candidate medications target non-
olfactory GPCRs as their canonical or principal molecular
targets (2– 4). Indeed, in 2014, of the 41 new molecular enti-
ties approved by the Food and Drug Administration (FDA)
(http://www.fda.gov/Drugs/DevelopmentApprovalProcess/
DrugInnovation/ucm20025676.htm), 9 had GPCRs as their
canonical sites of action (Table 1). Of the GPCRs targeted by
known drugs, the Family A aminergic GPCRs are by far the
most popular (2– 4) with aripiprazole, which has multiple
biogenic amine GPCR targets and a complex mode of action
(5), being the bestseller in 2014. As the olfactory GPCRs do
not yet represent therapeutic targets, we will focus on the
non-olfactory GPCRs here.

Not only do GPCRs represent the principal therapeutic site
of action of many approved and candidate medications, but
GPCRs also represent prominent “off-targets” for severe and
potentially life-threatening side effects. Of these, drugs with

5-HT2B serotonin receptor agonism have long been docu-
mented to induce severe, life-threatening valvular heart disease
(6 – 8). Indeed, based on the potent 5-HT2B agonist activity of
certain ergot derivatives used in treating Parkinson disease and
migraine headaches (e.g. pergolide, cabergoline, and dihydroer-
gotamine), we correctly predicted that these medications
would also induce valvular heart disease (7, 8). Two of these
drugs (pergolide and cabergoline) were withdrawn from the
international market following large-scale trials demonstrating
their life-threating side effects (8, 9). In follow-up studies, we
surveyed 2200 FDA-approved and investigational medications,
finding that 27 had potentially significant 5-HT2B agonism, of
which 6 are currently FDA-approved (guanfacine, quinidine,
xylometazoline, oxymetazoline, fenoldopam, and ropinirole)
(10). Interestingly, of the 2200 drugs screened, around 30% dis-
played significant 5-HT2B antagonist activity (10), indicating
that 5-HT2B receptors represent a “promiscuous target” for
approved and candidate medications. Our discovery that ergot-
amine and other ergots displayed functional selectivity for �-ar-
restin over G-protein signaling at 5-HT2B receptors (10) led to
the first structure-based explication of GPCR �-arrestin-biased
signaling (11). The discovery that the 5-HT2B receptor was
responsible for the side effects of the appetite-suppressing
medications fenfluramine and dexfenfluramine (6 – 8) was thus
a seminal finding of immense public health importance, which
ensures that drugs under development will now be counter-
screened against the 5-HT2B receptor for significant agonist
activity before being advanced to clinical trials.

Simultaneously with the discovery that the side effects of
fenfluramine were due to the 5-HT2B agonist activity of its main
metabolite norfenfluramine (6 – 8), it became clear that its ther-
apeutic (anorectic) actions were due to norfenfluramine’s ago-
nist activity at the closely related 5-HT2C receptor (12). This led
to the prediction that 5-HT2C-selective agonists devoid of
5-HT2B agonist activity would represent safe and effective
appetite suppressants (13) and the discovery of the 5-HT2C-
preferring agonist lorcaserin, which was approved by the FDA
as the first new obesity medication in nearly 20 years in 2012
(14 –16). Taken together, this vignette underscores how an
understanding of both on-target and off-target actions of drugs
at a single subfamily of GPCRs, in this case the 5-HT2 serotonin
receptor family, can be crucial for successful drug discovery
efforts.

Chemical Informatics-based Approaches for
Genome-wide GPCR-based Discovery

The discovery of small molecule drug-like compounds that
interact with GPCRs in a number of ways (e.g. as orthosteric,
allosteric, or biased ligands) is now relatively straightforward
and will not be reviewed in any detail here as there are a number
of excellent and recent review articles (17–19). As these are
important concepts for GPCR drug discovery, however, they
will be briefly defined. Thus, orthosteric ligands are those that
occupy the site(s) of the native or natural ligand, whereas allos-
teric ligands occupy a site distinct from the orthosteric site (18,
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U01MH104974, U19MH82441, and RO1MH61887 and the NIMH Psychoac-
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19). Additionally, it is now appreciated that GPCRs signal via
�-arrestin and that this signaling is frequently independent of
canonical G-protein modes of signaling (17). Indeed, drugs that
preferentially signal via �-arrestin are considered to be �-arres-
tin-biased (17). For the remainder of the review, we will focus
on genome-wide approaches for GPCR-based discovery, high-
lighting both in silico and physical screening approaches for the
discovery of novel small drug-like small molecules acting at
GPCRs.

In silico approaches for discovering GPCR modulators typi-
cally take advantage of large chemical databases that annotate
the biological properties of small molecules. Table 2 lists a few
of the more popular and widely used databases. Essentially,
these databases have large lists of chemical compound names
and, typically, their chemical descriptors along with the biolog-
ical activity associated with these compounds. Most commonly,
as in the ChEMBL database and PDSP Ki database (KiDB),
which rely mainly on published data, the activity is encoded as a
Ki or EC50 value, whereas other databases (e.g. ChemBank and
PubChem) provide the raw data as well as fitted data parame-
ters. Utilizing the information from such databases, we and our
collaborators have successfully predicted novel GPCR targets
for known drugs (3, 20, 21) and have designed novel drugs tar-
geting GPCRs entirely in silico (22). Importantly, in these exem-
plars of this overall approach, the GPCR-centric predictions
were extensively validated both in vitro and in vivo in model
organisms such as worms (23), zebrafish (24), mice (3, 22), and
most remarkably, in humans (21).

All of these resources rely upon accurately curated, precise
data and, of the cited resources, ChEMBL and KiDB would
appear to be the most useful as the main source of their data is
from peer-reviewed publications. ChEMBL historically has
drawn its data from medicinal chemistry publications, although
the most recent version of ChEMBL also incorporates large
amounts of data from PubChem. KiDB obtains its data mainly
from non-medicinal chemistry publications (e.g. biochemistry,
cell biology, pharmacology, neuroscience, and so on). Examin-
ing ChEMBL, which is the largest of these resources, we find
that a large number of GPCR targets are under-annotated with
respect to both their biological function and the chemical mat-
ter with which they may interact (Fig. 1, A and B). As can be
seen, at least 50% of the non-olfactory GPCRs in the human
genome have had few publications associated with them based

on a search of PubMed conducted in mid-2013. Additionally,
more than 50% of the non-olfactory GPCRs in the human
genome had few annotated small molecules (Table 2; GPCR
Safari ChEMBL release 3.0). Indeed, of the 159 “orphan” GPCRs
in the ChEMBL database, only 5 had annotated small molecules
with documented bioactivity. Significantly, although ChEMBL
is a curated database, it misidentifies the synthetic ligand 3-
{4-[4-(2-cyanophenyl)-1-piperazinyl]butyl}-1H-indole-5-carboxa-
mide as the natural ligand for GPR35 (https://www.ebi.ac.uk/
chembl/sarfari/gpcrsarfari/report/protein/266), even though
kynurenic acid has been proposed as a naturally occurring
ligand for GPR35 (25, 26). This example of GPR35 being mis-
annotated illustrates three important points: first, the need for
careful expert curation; second, the fact that all of these data-
bases contain a significant number of errors that could lead
investigators astray; and third, the value of orthogonal (i.e.
assays for which the readouts are independent) assays to vali-
date “hits” and presumed active compounds.

In Fig. 2, we show that most of the non-olfactory human
GPCR-ome is un-interrogated with respect to the chemical
matter as annotated in ChEMBL. The practical impact of this is
that, when using a database such as ChEMBL for predicting on-
and off-target actions of small molecules, most of the GPCR-
ome is hidden from a cheminformatics perspective. GPCRs are
not unique in that most of them are understudied, as a similar
conclusion was reached for kinases a few years ago (27). Indeed,
Isserlin et al. (28) have described what they have dubbed the
“Harlow-Knapp (H-K) effect,” which they define as: “the pro-
pensity of the biomedical and pharmaceutical research com-
munities to focus their activities, as quantified by the number of
publications and patents, on a small fraction of the proteome.”
Isserlin and colleagues (27, 28) noted that this was true for the
targets they studied (kinases, nuclear hormone receptors, and
ion channels) irrespective of whether they confined their bibli-
ographic analysis to the “pre-genomic era” (i.e. prior to the pub-
lication of the draft human genome in 2000) or later dates (i.e.
2009). We performed a different type of analysis and re-inter-
rogated the publication records for the druggable, non-olfac-
tory GPCRs in 2014, and compared this with all publications
predating 2013. As shown in Fig. 3, there was a similar although
not identical trend, with most of the understudied GPCRs still
being understudied and the more popular GPCRs continuing
this trend.

TABLE 1
New molecular entities targeting GPCRs in 2014
MOR, �-opioid receptor.

Drug name GPCR Indication Ref.

Tasimelteon MT1/MT2 melatonin receptor agonist Non-24-hour sleep-wake
disturbance

60

Droxidopa Adrenergic GPCRs Neurogenic orthostatic
hypotension

61, 62

Albiglutide GLP-1 glucagon-like receptor agonist Type 2 diabetes 63, 64
Vorapaxar PAR-1 thrombin receptor antagonist Acute chest pain secondary

to coronary artery disease
65

Olodaterol �2-Adrenergic receptor agonist Chronic obstructive
pulmonary disease

66

Suvorexant OX1/2 orexin receptor antagonist Insomnia 67
Naloxegol MOR-opioid receptor antagonist Opioid-induced constipation 68
Dulaglutide GLP-1 glucagon-like receptor agonist Type 2 diabetes 69
Netupitant/palonosetron

combination
NK1-neurokinin and 5-HT3 receptor antagonists (note

5-HT3 is a ligand-gated ion channel)
Chemotherapy-induced

nausea
70
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For resources available to interrogate GPCRs from a chemi-
cal standpoint, such as PubChem and ChemBank, these data-
bases will essentially supply raw screening data with (in many
but not all instances) confirmatory concentration-response
curves from which estimates of potency and efficacy are
derived. For example, PubChem lists screens for a large number
of GPCRs and, from these screens, results for a handful of
orphan GPCRs have been published in peer-reviewed journals
(29 –31). These published findings have led to the discovery
that pamoic acid is a potent agonist for GPR35 via �-arrestin
signaling (31), as well as the discovery of novel agonists and
antagonists for GPR55 (29, 30).

As should be clear from the foregoing, cheminformatics-
based approaches can be quite useful for predicting GPCR
targets for both known drugs and other small, perhaps drug-
like, molecules. Because the bulk of the GPCR-ome is rela-
tively uncharted territory, i.e. because very few drug-like
small molecules have been identified for a large number of
human GPCRs, such studies are necessarily and unavoidably
underpowered.

Physical Approaches for Interrogating the GPCR-ome

In the past, we and others have used both radioligand binding
and functional assays to elucidate the ligand-based pharmacol-
ogy of non-orphan GPCRs. This approach, which we dubbed
“receptorome screening,” and which has been extensively
described in prior reviews (17, 32–34), has led us to a number of
important discoveries including: the identification of the �-opi-
oid receptor as the site of action of the widely abused halluci-
nogen salvinorin A (35); the discovery that the 5-HT2B sero-
tonin receptor is the valvulopathy receptor (6); identification of
the remarkably complex pharmacology of antipsychotic drugs
(36); large-scale validation of cheminformatics predictions (3,
22); identification of GPCR as high affinity off-targets of kinase
inhibitors (37–39); and large-scale validation of computation-
ally docked and crystallography-confirmed binding poses (11,
40 – 48)

As radioligand-based approaches require radioligands with
high specific activity and high affinity for their targets, they are
not useful for the vast majority of GPCRs, for which such radio-
ligands are unavailable. Additionally, the physical, informatics,

TABLE 2
Useful cheminformatic, chemical biology, and pharmacology databases

Database acronyma URL Typeb Ref. Downloadablec

ChEMBL https://www.ebi.ac.uk/chembl/ C, T, ID 71 Y
KiDB; PDSP Ki

Database
http://pdsp.med.unc.edu/kidb.php C, T, ID (limited) 72 Y

Chembank http://chembank.broadinstitute.org/ C, T, ID 73 Y in part
SEA; Similarity

Ensemble
Approach

http://sea.bkslab.org/ C, T, ID 3, 20 N but predictions
can be made

PubChem https://pubchem.ncbi.nlm.nih.gov/ C, T, ID 74 Y
IUPHAR GPCR

Database
http://www.guidetopharmacology.org/GRAC/ReceptorFamiliesForward?type�GPCR C, T Y

a Where applicable, name comes after semicolon.
b C, chemical; T, target; ID, chemical identifiers.
c Y � yes; N � no.

FIGURE 1. Many GPCRs are understudied. A, shown is a graph of PubMed publications for the non-olfactory GPCRs. For this graph, the time period studied was
up to and including August 2013. For searching for publications referencing a particular GPCR, either the International Union of Basic and Clinical Pharmacol-
ogy (IUPHAR)-approved name or the genome identifier was used, depending upon which resulted in the largest number of publications. B, many GPCRs have
no identified chemical modulators. Shown is a graph of CheMBL compounds culled from GPCR SARfari (https://www.ebi.ac.uk/chembl/sarfari/gpcrsarfari)
using version 3.00.
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and infrastructure requirements required to routinely screen
more than a few GPCRs simultaneously using radioligand bind-
ing assays are beyond the resources of most academic and

industrial laboratories. Fortunately, the National Institute of
Mental Health’s Psychoactive Drug Screening Program
(NIMH-PDSP), which is housed in the authors’ laboratory, pro-
vides screening as a free service to not-for-profit investigators,
thereby making this resource available to a large part of the
scientific community. Indeed, in the past 5 years, more than 500
investigators world-wide took advantage of the NIMH-PDSP
for GPCR profiling of novel and candidate drug-like small
molecules.

Functional screening methods are an alternative to radioli-
gand binding-based approaches. Unfortunately, there are cur-
rently no published approaches suitable for interrogating the
entire olfactory and non-olfactory GPCR-ome. Indeed, screen-
ing the entire druggable GPCR-ome is technically challenging
due to the diverse G-protein-mediated signaling cascades used
by GPCRs (e.g. Gs, Gi, Gq, or G12/13). In the past, forced coupling
of Gs, Gi, and G12/13 G-proteins to a Gq-like Ca2� readout has
been frequently used (49, 50) to identify ligands for orphan
and/or sparsely annotated GPCRs (17, 51). Approaches that

FIGURE 2. The GPCR tree is (mainly) un-interrogated. Shown in tree-based format are the data from Fig. 1B plotted on the GPCR tree (courtesy of V. Katritch
and R. C. Stevens—Scripps/USC).

FIGURE 3. Understudied GPCRs continue to be understudied. Shown is a
comparison of publications for individual GPCRs up to August 2013 (red) and
for the entire year of 2014 (green; analysis performed March 2015). The verti-
cal axis (number of publications) here is shown in log2 format to include both
datasets on the same graph.
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rely on native coupling to known G-proteins have been success-
ful in identifying novel and selective ligands for orphan GPCRs
(52). Additionally, many GPCRs couple to G12 and G13. Inter-
estingly, the G12/13-dependent shedding of a membrane-bound
reporter protein (53) has been reported as a potential “univer-
sal” approach for both orphan and non-orphan GPCRs.

Other approaches have relied on platforms that take advan-
tage of G-protein-independent �-arrestin recruitment because
nearly all GPCRs induce arrestin translocation (54). Many
methods have emerged to quantify GPCR-�-arrestin interac-
tions, including high content screening (HCS) (55), biolumi-
nescence resonance energy transfer (BRET) (56), and transcrip-
tional activation following arrestin translocation (TANGO)
(57). We have found the TANGO-based approach to be quite
useful for chemical interrogation of GPCRs (11, 40, 43, 58, 59).
Indeed, we have recently devised a genome-wide approach
using a TANGO-based readout to screen nearly all of the drug-
gable GPCR-ome in a facile, simultaneous, and parallel manner
(47).

Conclusions and Recommendations

As we have shown, although GPCRs represent a useful and
important target class for therapeutic drug discovery and bio-
chemical study, most are under-interrogated. In part, this stems
from the lack of robust and scalable ways to assess their activi-
ties. New technological platforms are becoming available that
allow for unbiased interrogation of the druggable GPCR-ome
(47), and when these are made freely available, they will likely
begin to have a transformative effect on the study of GPCRs.
Additionally, because of the “Harlow-Knapp effect,” many
GPCRs will likely remain understudied despite their potential
importance from both a basic science as well as a translational
perspective.
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G protein-coupled receptors (GPCRs) are allosteric proteins,
because their signal transduction relies on interactions between
topographically distinct, yet conformationally linked, domains.
Much of the focus on GPCR allostery in the new millennium,
however, has been on modes of targeting GPCR allosteric sites
with chemical probes due to the potential for novel therapeutics.
It is now apparent that some GPCRs possess more than one
targetable allosteric site, in addition to a growing list of putative
endogenous modulators. Advances in structural biology are also
shedding new insights into mechanisms of allostery, although
the complexities of candidate allosteric drugs necessitate rigor-
ous biological characterization.

G protein-coupled receptors (GPCRs),4 also known as
7-transmembrane (7TM) receptors, are the largest superfamily
of cell surface receptor proteins encoded by the human genome
(1). These integral membrane proteins are highly dynamic and
exist in an equilibrium between various functionally distinct
conformational states (2). GPCRs fulfil the vital biological func-
tion of transducing a wide range of extracellular signals
(e.g. photons, lipids, neurotransmitters, hormones, peptides,
enzymes, ions, odorants) across the cell membrane into the
cytosolic space. Physiologically, the process begins when an
endogenous extracellular signal interacts with the primary
(“orthosteric”) binding site of GPCR, resulting in a conforma-
tional rearrangement that conveys the signal through the
plasma membrane-spanning 7TM region and subsequently
triggering intracellular signaling cascades via heterotrimeric G

proteins and other accessory proteins (3). Because GPCR-me-
diated signaling systems are involved in regulating a multitude
of physiological and pathophysiological processes, it is not sur-
prising that the GPCR superfamily encompasses the targets of
more actual and potential drugs than any other family of pro-
teins (4, 5).

To date, the majority of probe compounds and marketed
drugs that target GPCRs are small molecules, but it is notewor-
thy that there is a growing interest in utilizing biologics and
antibodies to target these receptors as well (6). In addition,
although the mode of action of the bulk of GPCR-targeting
agents remains orthosteric, the turn of the millennium has wit-
nessed substantial efforts in alternative methods of modulating
GPCR activity, specifically by targeting topographically distinct
allosteric sites. This minireview discusses some of the key char-
acteristics associated with GPCR allostery and ongoing chal-
lenges and opportunities in understanding and exploiting the
phenomenon.

Characteristics of GPCR Allostery

Allostery is a widespread biological phenomenon that
describes the ability of interactions occurring at one site of a
macromolecule to modulate interactions at a spatially distinct
binding site on the same macromolecule in a reciprocal man-
ner. Since allosteric effects were first described in archetypal
examples, such as the heme-heme interactions of hemoglobin,
allostery has been acknowledged as a means by which proteins
and other molecules (e.g. DNA) may amplify, attenuate, bias,
and otherwise fine-tune their physiological functions (2, 7–9).
Initial observations of allosteric phenomena in enzymes were
mechanistically summarized first in the Monod-Wyman-
Changeux (MWC) and subsequently in the Koshland-Nem-
ethy-Filmer (KNF) models (10, 11). Although the MWC model
depicts allostery as a concerted process (i.e. conformational
selection), and the KNF model describes it as a sequential pro-
cess (i.e. conformational induction), each model reflects valid
key aspects of the nature of allostery, which involves ligand-
mediated shifts in the population of pre-existing macromolec-
ular conformational ensembles and resulting changes in the
interactive properties of the new ensembles (12). In addition to
enzymes, it became apparent that other protein classes, includ-
ing GPCRs, possess many of the characteristics associated with
allosteric proteins (13). GPCRs are conformationally dynamic
proteins that act as conduits for the transfer of energy over a
distance. Indeed, GPCR signal transduction is intrinsically
allosteric as it involves the binding of an extracellular stimulus
and subsequent propagation of the signal through the protein
to a topographically distinct (e.g. �50 Å) intracellular site rec-
ognized by G proteins, �-arrestins, and others. Moreover,
because of the broad diversity of endogenous activators of
GPCRs, an orthosteric region on one type of receptor (e.g. class
A biogenic amine receptor) may represent an allosteric domain
in another type of receptor (e.g. class B secretin family or class C
glutamate family receptors) (14) (Fig. 1).
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Perhaps not surprisingly, therefore, the attractiveness and
tractability of GPCRs as drug targets, coupled with advances in
drug screening at these receptors, have uncovered different
types of allosteric GPCR modulators (Table 1) that are generally
classified operationally based on their modes of pharmacology.
An allosteric ligand that potentiates an agonist-mediated
receptor response is referred to as a “positive allosteric modu-
lator” (PAM), whereas one that attenuates activity is known as a
“negative allosteric modulator” (NAM) (15). Mechanistically,
these effects can be achieved through modulation of the bind-
ing affinity of orthosteric ligands and/or through changes in the
ability of the orthosteric ligand-occupied receptor complex to
interact with intracellular transducer proteins. In contrast a
ligand that binds at the allosteric site without affecting receptor
or orthosteric ligand activity (at equilibrium) is classed as “neu-
tral allosteric ligand” (NAL). “Allosteric agonists” are ligands
that are capable of directly activating the receptor from an
allosteric site even in the absence of an orthosteric agonist (15),
whereas “PAM agonists” and “NAM agonists” display mixed
modes of modulation and direct GPCR activation depending on
the cellular context (15). More recently, “bitopic ligands” have
also been described, which are defined as hybrid molecules pos-
sessing separate orthosteric and allosteric pharmacophores
that concomitantly engage with their respective sites on a single
GPCR to mediate novel pharmacology; several molecules ini-
tially classified as allosteric agonists in the literature have since
been reclassified as bitopic ligands (15–18).

There are a number of general characteristics associated with
allosteric GPCR modulators that present both unique advan-
tages over orthosteric ligands as well as challenges to successful
detection or validation of allosteric compounds. The first char-
acteristic is the potential for allosteric ligands to exhibit greater
receptor subtype selectivity. This property has two potential

origins: i) a decreased evolutionary pressure for sequence con-
servation within allosteric sites relative to the orthosteric site
between GPCR subtypes (assuming there is no endogenous
allosteric ligand for such a site, but see the next section) and/or
ii) selective cooperativity with an orthosteric site at one recep-
tor subtype while exhibiting neutral cooperativity at other sub-
types of that receptor family (19). The nature of the cooperativ-
ity between orthosteric and allosteric sites on a GPCR also
represents a second important characteristic of allostery that
has practical and therapeutic implications. If the modulator
displays minimal direct allosteric agonism in its own right, then
it will act as a PAM or NAM only when and where the endog-
enous ligand is released, thus maintaining the natural spatio-
temporal “rhythms” of the endogenous orthosteric ligand.
Furthermore, very subtle degrees of positive or negative coop-
erativity (which may be all that is necessary for certain GPCRs
and disease states) result in an allosteric “effect ceiling” that
increases the likelihood of on-target safety in overdose situa-
tions, although this also poses a challenge for the screening of
modulators with low degrees of cooperativity (20). The ability
to achieve unprecedented modes of on-target selectivity and/or
fine-tune endogenous responses as a consequence of pure PAM
or NAM activity may prove particularly important in diseases
where tight physiological regulation is vital, such as neurode-
generation, schizophrenia, diabetes, and endocrine disorders.

A particularly interesting phenomenon associated with allos-
tery that has been most noted at GPCRs is the property of
“probe dependence,” wherein the magnitude and direction of
an allosteric effect can change depending on the nature of the
interacting ligands (15, 21). Probe dependence has substantial
implications for GPCR drug discovery and GPCR biology. For
instance, many GPCRs have more than one endogenous
orthosteric agonist, and totally different effects can be observed

FIGURE 1. Potential allosteric ligand-binding regions on GPCRs; some representative allosteric modulators recognizing each region are also listed.
RAMP, receptor activity-modifying protein; MRAP, melanocortin receptor accessory protein; Cmpd, compound; AZ, AstraZeneca; Fz4, frizzled4 receptor; CaSR,
calcium-sensing receptor; PCEP, 3-amino-3-carboxypropyl-2�-carboxyethyl phosphinic acid.
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TABLE 1
Representative allosteric modulators of G protein-coupled receptors
AZ, AstraZeneca; BCQA, benzyl quinolone carboxylic acid; BMS, Bristol-Myers Squibb; Cmpd, compound; CGRP, calcitonin gene-related peptide; FSHR, follicle-
stimulating hormone receptor; GH, growth hormone; GLP1R, glucagon-like peptide 1 receptor; GnRH, gonadotropin-releasing hormone; HMA, 5-(N,N-hexamethyl-
ene)amiloride; P2Y12, purine P2Y12; RXFP, relaxin family peptide.

Receptor Exogenous modulator(s) Endogenous modulator(s)a

Class A
5-HT1A Anandamide; cholesterol
5-HT1B 5-HT-moduline; sodium
5-HT1D 5-HT-moduline
5-HT2A Anandamide; oleamide; sodium
5-HT2C PNU-69176E Anandamide; oleamide
5-HT4 IgG
5-HT7 Anandamide
Adenosine A1 LUF5484; PD 71,605; PD 81,723; PD 117,975 Sodium
Adenosine A2A Amilorides Sodium
Adenosine A3 DU124183; VUF5455; VUF8504 2-arachidonylglycerol; sodium
Adrenergic �1 Amilorides; benzodiazepines; conopeptide; �-TIA IgG; sodium
Adrenergic �2A Amilorides Cholesterol; sodium
Adrenergic �2B Amilorides Sodium
Adrenergic �2D Agmatine; sodium
Adrenergic �1 Magnesium; manganese; IgG
Adrenergic �2 Cholesterol; IgG; zinc
Angiotensin AT1 IgG; sodium
Cannabinoid CB1 Org 27569; Org 27759; Org 29647; PSNCBAM-1; RTI-371 Lipoxin A4; Pepcan-12; pregnenolone;

sodium
Chemokine CCK1 Benzodiazepines
Chemokine CXCR1 AZ Cmpds. A & B; Reparixin; SCH 527123
Chemokine CXCR2 AZ Cmpds. A & B; Reparixin; SCH 527123; SB 656933
Chemokine CXCR3 IP-10; I-TAC
Chemokine CXCR4 ASLW; RSVM; trichosanthin; plerixafor
Chemokine CXCR7 AMD3100; GSLW
Chemokine CCR1 BX-471; CP-481715; UCB35625
Chemokine CCR2 CCR2-RA-[R]; JNJ-27141491; S.D.-24
Chemokine CCR3 TAK779; UCB35625
Chemokine CCR4 Pyrazinyl sulfonamides
Chemokine CCR5 AK602; AK530; ancriviroc; aplaviroc; maraviroc SCH 351125; TAKK220;

TAK779; Trichosanthin; vicriviroc;
Cholecystokinin CCK1 Devazepide; T-0632; GI181771X; Bdz-1
Cholecystokinin CCK2 GI181771X; Bdz-2
Dopamine D1 Zinc
Dopamine D2 Amilorides; L-prolyl-L-leucyl-glycinamide; PAOPA SB269652; Homocysteine; IgG; melanotropin release

inhibiting factor 1; zinc
Endothelin ETA Acetylsalicylic acid; sodium salicylate IgG, sodium
Free fatty acid FFAR1 AM-1638; TAK-875 Docosahexaenoic acid
Free fatty acid FFAR2 Phenylacetamides 1 & 2
Free fatty acid FFAR3 hexahydroquinolone-3-carboxamide Cmpd 1
FSHR BMS cmpds. 2–7
GnRH receptor Furan-1; FD-1; HMA
GH secretagogue L-692,429; GH-releasing peptide 6
Luteinizing hormone Org 41841; [3H]-Org 43553
M1 mAChR Brucine; BQCA; MK7622; ML169; MT3; MT7; staurosporine; tacrine

VU0029627; VU0119498
Arachidonic acid; IgG; sodium

M2 mAChR Alcuronium; C7/3-phth; DUO3; gallamine; LY2033298; LY2119620; tacrine;
W84

Arachidonic acid; dynorphin-A; IgG;
myelin basic protein; major basic
protein; protamine; sodium

M3 mAChR Brucine; N-chloromethyl; WIN62577; VU0119498 Arachidonic acid; IgG; sodium
M4 mAChR Alcuronium; LY2033298; LY2119620; MT3; Thiochrome; VU0010010;

VU0152099; VU0152100
Arachidonic acid; sodium

M5 mAChR ML326; ML375; ML380; ML381; VU0119498; VU0238429 Arachidonic acid
Neurokinin 1 Heparin
Neurokinin 2 [N-Benzyl, N- (2-naphthylmethyl)-amino]-acetonitrile
�-opioid BMS-986121; BMS-986122; Cannabidiol Magnesium; manganese; sodium
�-opioid BMS-986187; BMS-986188; Cannabidiol Manganese; sodium
�-opioid Magnesium; manganese; sodium
Oxytocin Cholesterol; Progesterone (rat); 5-

dihydroprogesterone (human)
Purine P2Y12 2,2�-Pyridylsatogen tosylate
Rhodopsin Cholesterol
RXFP1 ML290
RXFP3 135PAM1
S1PR2 CYM-5520
S1PR3 CYM-5541
Thyrotropin receptor IgG

Class B
Calcitonin receptor Pyrazolopyrimidines 2d, 2e, 2f, 2g
CGRP receptor BIBN4096BS
CRF1 receptor Antalarmin; CP-376395; NBI 35965; DMP696; NBI 27914
Glucagon Bay27–9955; L-168,049
GLP1R Novo Nordisk Compounds 1–6; BETP
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(or missed altogether) depending on which agonist is used to
activate the receptor in the presence of a given allosteric mod-
ulator (22). In addition, the allosteric nature of GPCR signal
transduction means that the ability of a ligand-bound receptor
to recognize cellular effector molecules is also subject to probe
dependence, this time directed intracellularly rather than
between two ligands. Specifically, the ability of orthosteric or
allosteric GPCR ligands to stabilize different functionally rele-
vant conformations of the same GPCR can give rise to the phe-
nomenon of “biased agonism,” whereby only a subset of the
possible signaling repertoire of the receptor is recruited at the
relative expense of other pathways (21, 23, 24).

Although beyond the scope of the current minireview, the
allosteric pharmacology of bitopic ligands also presents a
unique set of characteristics. Because of their dual pharmaco-
phore nature, bitopic ligands can provide both greater selectiv-
ity through interaction with an allosteric site and higher affinity
through concomitant engagement of the orthosteric site. A
judicious choice of orthosteric and allosteric building blocks
can also yield bitopic ligands that display novel biased agonism
(25). Although the spatiotemporal control of endogenous sig-
naling afforded by pure allosteric modulator ligands is lost with
bitopic ligands, the latter may prove particularly useful in situ-
ations where endogenous agonist tone is progressively lost (e.g.
neurodegenerative disorders) (18).

Endogenous Allosteric Modulators

Although most studies of GPCR allostery have traditionally
focused on the actions of exogenous allosteric modulators
because of the implications for novel drug discovery (see
below), these receptors can also be modulated by a variety of
endogenous substances (26). As mentioned above, the best
characterized allosteric interaction at GPCRs is the positive
cooperativity exhibited between the intracellular G protein-
binding site with the orthosteric site (3). The GPCR intracellu-
lar face can also interact with �-arrestins: endogenous GPCR
accessory proteins that were originally characterized as scaf-
folding proteins involved in the termination of GPCR signaling,
internalization, and recycling of receptors. It is now recognized

that �-arrestins can be involved in G protein-independent sig-
nal transduction (27–30). These unique signaling properties
emerge as a result of specific receptor conformations that have
been shown to interact more readily with �-arrestins, leading to
increased �-arrestin binding and biased signaling through non-
canonical signaling pathways (31–33). Although beyond the
scope of the current review, it is also widely acknowledged that
different types of GPCRs have the potential to associate with
other proteins, such as receptor activity-modifying proteins
(RAMPs) or melanocortin receptor accessory proteins
(MRAPs), or with each other in the form of homo- or hetero-
dimers (or higher order oligomers) with novel pharmacological
properties (26). In a number of such instances, cooperative
interactions have been noted between orthosteric ligands
within such complexes (34).

In addition to the ubiquitous allosteric sites utilized by G
proteins and �-arrestins, individual GPCR classes or subclasses
possess more specific allosteric sites that may be targeted by
endogenous allosteric modulators. For example, pharmacolog-
ical and crystallographic evidence has shown that sodium is
vital for stabilizing the inactive state of many class A GPCRs via
an allosteric site centered on a highly conserved aspartate resi-
due, Asp2.50 (26). Additionally, aromatic amino acids (e.g.
L-phenylalanine, L-tryptophan, and L-tyrosine) bind at a site
near to, but spatially distinct from, the orthosteric site within
the “Venus flytrap” (VFT) N-terminal domain of the calcium-
sensing class C GPCR to potentiate the actions of extracellular
calcium at a number of intracellular signaling pathways
(35–37). A similar allosteric site has been shown to be located in
the Venus flytrap of the metabotropic glutamate (mGlu) class C
GPCRs. This site was initially reported as an allosteric chloride-
binding site in the mGlu1 subtype, but some synthetic small
molecule agonists have since been reported to bind this site in
mGlu4 (38 – 40).

As summarized in Table 1, a growing number of substances
encompassing not only amino acids and ions, but also lipids,
peptides, and proteins, have been proposed to act as putative
endogenous allosteric modulators of different types of GPCRs

TABLE I—continued

Receptor Exogenous modulator(s) Endogenous modulator(s)a

Class C
Calcium-sensing receptor Fendeline; cinacalcet; NPS 467; NPS 568; NPS 2143; Calhex 231 L-Phe; L-Trp; L-Tyr; Glutathione; IgG
GABAB CGP7930; CGP13501; GS39783 L-Leu; L-Ile; L-Phe; IgG
mGlu1 (�)-CPCCOEt; [3H]R214127; BAY36–7620; cis-64a; EM-TBPC; JNJ16259685;

NPS2390; PHCCC; Ro01–6128; Ro67–7476; Ro0711401; YM-298198
IgG

mGlu2 BINA; CBiPES; JNJ-40068782; LY181837; LY2607540; LY487379; MNI-137;
RO4491533; RO4988546; RO5488608

mGlu3 AZD8529; MNI-137; RO4491533; RO4988546; RO5488608
mGlu4 SIB-1893; MPEP; PHCCC; VU0080421; VU0155041; VU0155094; VU0422288
mGlu5 5-MPEP; 5PAM523; ADX-47273; CDPPB; CPPHA; DFB; DMeOB; DCB;

DPFE; Fenobam; Mavoglurant; M-5MPEP; MPEP; MTEP; VU-29;
VU0357121; VU0360172

IgG

mGlu6 VU0155041; VU0422288; PHCCC
mGlu7 ADX71743; AMN082; MMPIP; VU0155041; VU0155094; VU0422288
mGlu8 AZ12216052; VU0155041; VU0155094; VU0422288
Taste T1R1 S807; IMP
Taste T1R2 S819; S.E.-2; S.E.-3; Senomyx
Taste T1R3 Cyclamate, lactisole

Class F
Smoothened Sant1; Sant2; nat-20(S)-OHC Oxysterols
Frizzled4 FzM1

a Note that some of these examples are more appropriately considered putative endogenous allosteric modulators.
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(26). It should be noted that in many of these instances, conclu-
sive validation of an allosteric mechanism remains to be estab-
lished, but the study of endogenous GPCR modulators may
prove to be a fertile ground for uncovering novel biology in
health and disease. For instance, the nature and composition of
endogenous lipidic substances and numerous types of peptides
and proteins can vary dramatically in inflammation; if it can be
shown that some of these substances are bona fide allosteric
modulators of specific GPCRs, then this may represent a novel
avenue for understanding and targeting GPCR functionality in
inflammatory disease (26). In addition, GPCR-directed autoan-
tibodies have been identified as potential endogenous allosteric
ligands related to a number of chronic disease states. In partic-
ular, autoantibodies have been identified in patients with a vari-
ety of cardiovascular diseases, including autoantibodies against
the AT1 receptor, the �1-adrenergic receptor, the M2 musca-
rinic acetylcholine receptor (mAChR), the �1-adrenergic
receptor, the ETA receptor, and the 5-HT4 receptor (26). Addi-
tionally, the central nervous system can be affected by autoan-
tibody activity. For instance, autoantibodies against GABAB
have been found in the cerebrospinal fluid of limbic encephali-
tis patients, whereas patients with basal ganglia encephalitis
with dominant movement and psychiatric disease present with
autoantibodies against the dopamine D2 receptor (26).

Exogenous Allosteric Modulators

Numerous synthetic small molecules with an allosteric mode
of action have been reported for GPCRs (Table 1). The mAChR
family is arguably the most well studied class A GPCR system in
this regard (41). Indeed, the first examples of GPCR allosteric
modulators, the alkane bis-ammonium family of ligands, were
identified at the mAChRs (42). Since that time, allosteric mod-
ulators of nearly every mode of action have been found to target
the mAChRs, including PAMs, NAMs, PAM and NAM ago-
nists, and bitopic ligands (17, 43– 48). Interestingly, most of
these ligands bind to the mAChRs at a shared site (albeit with
different affinities depending on the subtype), often referred to
as the “common” allosteric site and highlighting how the tar-
geting of a common allosteric domain can yield markedly dif-
ferent biological behaviors (49, 50). However, evidence has
been provided for the existence of a second allosteric site on the
mAChRs, recognized by indolocarbazole analogues of stauro-
sporine (e.g. KT5720 and KT5823) and the benzimidazole
derivatives WIN63577 and WIN51708. As noted with the
“common site” modulators, the second-site compounds also
demonstrated positive, negative, or neutral interactions with
acetylcholine depending on the mAChR subtype, but showed
largely neutral interactions with the binding of common site
modulators, further supporting the presence of at least two
allosteric sites on a single GPCR (51–54).

The notion that a single GPCR may possess more than one
allosteric site for exogenous small molecules is likely more
widespread. For instance, a number of allosteric modulators
have been described for the gonadotropin-releasing hormone
receptor, including Furan-1 and its derivative, FD-1 (55), as well
as a series of amiloride derivatives (56). Interestingly, interac-
tion studies between the two different classes of allosteric
ligand revealed neutral cooperativity, despite each class indi-

vidually modulating orthosteric ligands (56), again suggestive of
more than one allosteric site on this receptor family. The intra-
cellular face of GPCRs may also harbor allosteric sites for selec-
tive small molecules. For instance, binding sites for allosteric
antagonists of the CXCR2, CCR4, and CCR5 chemokine recep-
tors have been identified among the intracellular loops (57–59).
Intracellular allosteric sites are also utilized by pepducins: cell-
penetrating, lipidated peptides that target the intracellular
loops. By tailoring the peptide’s design to the intracellular
domain of a particular GPCR, researchers have been successful
in producing pepducins selectively targeting a number of
GPCRs involved in inflammatory diseases, including protease-
activated receptors (PAR1, -2, -4) and chemokine receptors
(CXCR1, -2, -4) (60, 61).

Class B GPCRs, such as the secretin, glucagon, and gluca-
gon-like peptide 1 receptors, have proven notoriously intrac-
table to small molecule discovery and have remained an area
of intense research with regard to allosteric drugs. One com-
mon observation is the discovery of direct-acting allosteric
agonists, in addition to PAM agonists or NAMs (62). Pure
class B GPCR PAMs have thus far remained relatively more
elusive, but whether this reflects a fundamental property of
this class of GPCR or the relative immaturity of detailed
studies of Class B allostery remains to be determined. In
common with the preceding examples, however, there is
clear evidence suggesting the presence of more than one
allosteric site on Class B GPCRs (63, 64).

Within the class C GPCRs, the mGlu receptors have a very
rich allosteric pharmacology. In particular, allosteric modu-
lation of the mGlu5 receptor has been of interest as a target
for the treatment of schizophrenia and Alzheimer disease
(65, 66). As such, multiple small molecule PAMs have been
developed for mGlu5 (67–72), with the bulk acting at a com-
mon site in the upper region of the 7TM domain often
termed the “MPEP-binding site” after the prototypical
mGlu5 NAM, MPEP (65, 66). However, several ligands have
been identified that are non-competitive with the MPEP site,
including the PAMs VU357121 and CPPHA, indicating the
presence of at least two distinct allosteric sites (67, 69, 73,
74). Further investigations have shown that PAMs acting on
each of these sites may have varied effects on different sig-
naling pathways, indicating that allosteric modulation of dis-
crete allosteric sites may have significant effects on the
response of the GPCR (75, 76).

Finally, the Class F GPCR family, which includes the
Smoothened and Frizzled receptors, has also been considered
difficult to target with small molecules, but recent break-
throughs have revealed that these receptors possess allosteric
binding sites for exogenous ligands. For example, a series of
small molecules that were originally designed to act as pharma-
cological chaperones for a misfolded mutant of Frizzled4 were
subsequently identified as novel allosteric modulators of the
wild-type form of Frizzled4; the binding site for these com-
pounds was proposed to be located in the vicinity of intracellu-
lar loop 3 of the receptor (77). The recent crystal structure of
the Smoothened receptor bound to the allosteric modulator,
Sant1, also revealed an allosteric pocket that is located deep
within the transmembrane-spanning cavity of the receptor,
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toward the cytosolic end; this is in contrast to the binding site
that is closer to the extracellular entrance and utilized by
canonical ligands of this receptor (78).

It is important to note that although small molecules have
made an undeniable impact on the study of allostery, there is
growing interest in utilizing biologics to target allosteric sites.
Thus far, allosteric antibodies have shown the most promise in
targeting receptor tyrosine kinases, such as the insulin receptor,
where the monoclonal antibody XMetA allosterically binds and
activates the receptor (79, 80). A subcategory of allosteric anti-
bodies known as “allosteric ligand-modifying antibodies”
(ALMA) acts by binding the endogenous ligand prior to inter-
acting with the receptor (15). One example is gevokizumab, an
anti-interleukin-1� antibody that binds interleukin and alters
the conformation of the endogenous ligand. Subsequently, the
gevokizumab-interleukin-1� complex binds in a characteristic
ternary complex with the receptor (81, 82). Although examples
of rationally designed allosteric antibodies targeting GPCRs
have yet to be described, the novel mechanisms of allosteric
antibodies and allosteric ligand-modifying antibodies offer a
valuable new strategy for the study of GPCR allostery in the
future.

Chemical Biology Challenges in Designing Allosteric
Modulators of GPCRs

The production of highly site-specific allosteric probe mole-
cules is a crucial factor in the study of allosteric interactions.
Structure-based drug design is still a relatively nascent field
with respect to GPCRs, although substantial progress has
occurred in recent years (see below). Within both industry and
academia, a large number of resources have been dedicated to
the generation, collection, and curation of large libraries of nat-
ural and synthetic small molecules from which to screen for and
optimize novel allosteric ligands, and this remains the major
source of such compounds (83, 84). Given this significant
investment, the methodologies with which these novel ligands
are interrogated are central to any research campaign. The field
of chemical biology has provided a number of tools to probe
allosteric mechanisms of GPCR structure and function. These
techniques may provide the biochemical and biophysical
information necessary to garner a clear understanding of the
structural dynamics and signaling behavior of allosteric
interactions on a chemical level. Techniques such as biolu-
minescent and Förster resonance energy transfer as well as
single-molecule detection fluorescence have gained popu-
larity for the study of GPCRs and validated binding partners.
However, there are limitations for using these techniques in
the process of screening for novel ligands, not least of which
is the challenge of applying these methods to a high through-
put screening format (85, 86). Measurement of second mes-
sengers of G protein signaling (e.g. calcium and cAMP) or
�-arrestin recruitment has proven more successful in this
respect; nevertheless, it remains challenging to develop
selective small molecule allosteric modulators.

For example, allosteric ligands often possess delicate struc-
ture-activity relationships. That is, in a given chemical series, a
seemingly minor modification to a molecule’s steric or elec-
tronic properties often leads to the complete ablation of its

activity. Similarly, certain chemical series demonstrate “mode
switching” whereby small modifications to the structure can
result in dramatically changed pharmacological profiles (87).
These concerns are particularly relevant when further modifi-
cations are applied to the probes, for instance in the generation
of irreversible or photoactivatable allosteric molecules (88, 89),
or through the use of these chemical probes in vivo, where bio-
chemical transformations undertaken by metabolic processes
may alter a modulator’s potency, cooperativity, receptor selec-
tivity, or mode of action.

Novel chemotypes of allosteric modulators also pose chal-
lenges to pharmacological characterization. For instance, many
allosteric modulators display phenomena such as probe depen-
dence, and can impose biased signaling on the actions of
orthosteric ligands (Table 2). These may go unnoticed with the
use of a single screening methodology. Only through the mea-
surement of an allosteric ligand’s effect on multiple down-
stream pathways in the presence of all relevant endogenous
orthosteric ligands can a compound’s properties be fully eluci-
dated, and this must be factored into all allosteric discovery
programs (90). Further complexities in characterizing a novel
allosteric ligand may be caused by differences between species’
receptor isoforms, differential effects on orthosteric ligand
affinity and efficacy, varied kinetics between different signaling
pathways, and the possibility of undetected endogenous allos-
teric interactions. Therefore efforts must be made to fully char-
acterize and validate novel chemical probes in as many experi-
mental paradigms as possible to compose the clearest picture of
the compound’s properties.

What Can Structural Biology Reveal About Allosteric
Mechanisms?

Although the use of selective allosteric probe molecules and
functional assays can reveal much about allosteric pharmacol-
ogy, the information provided by crystal structures and other
high resolution approaches is invaluable for more direct,
molecular level insights into GPCR allostery. Since the turn of
the millennium, when the first high resolution GPCR crystal
structure was solved for bovine rhodopsin (91), there has been a
seemingly exponential growth in the number of crystal struc-
tures solved for a range of class A, B, and C GPCRs (Fig. 2),
although the majority of these rely on some form of protein
engineering to improve stability and crystal formation. This has
allowed the observation of conformational snapshots adopted
by structures co-bound to ligands and/or interacting proteins,
offering an unprecedented view into the fundamental struc-
tural basis for receptor function.

Of note, there have been a number of inactive state crystal
structures of GPCRs in binary complexes with small mole-
cule NAMs. These include the chemokine receptor CCR5
bound to maraviroc, the corticotropin-releasing factor
receptor CRF1 bound to CP-376395, the mGlu1 bound to
FITM, the mGlu5 bound to mavoglurant, and the aforemen-
tioned Smoothened receptor bound to Sant1 (78, 92–95).
Despite providing new insights into the binding behavior of
these NAMs, the inactive and binary complex natures of
these structures do not capture the complete structural
mechanisms that underlie cooperativity between the allos-
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teric and orthosteric sites. Indeed, the CRF1 and mGlu struc-
tures lack the key N-terminal domains that constitute much
(or all) of the orthosteric binding site.

A major breakthrough in recent years has been the crystal
structure depicting the classic ternary complex of an
orthosteric agonist binding the �2-adrenergic receptor coupled
to a Gs protein (96). This structure offered the first observation
of how a GPCR orthosteric site is allosterically coupled to G
protein activation. In terms of small molecule allostery, the
recent structure of an active M2 mAChR in complex with the
high efficacy orthosteric agonist, iperoxo, and the PAM,
LY02119620 (97), also represented a major structural biology
advance in understanding allostery at a GPCR. For example, the
structure is consistent with the predictions of the MWC model
of allostery in that the PAM preferentially recognizes and sta-
bilizes a preformed active state of the receptor. Nonetheless,
these structures still represent first steps in our molecular level
understanding of mechanisms underlying GPCR allostery. Phe-
nomena such as biased allosteric modulation, probe depen-
dence, and the actual mechanisms underlying transmission of
cooperativity remain challenging as they require the ability to
capture multiple states in the absence and presence of multiple
ligands. In the meantime, additional insights into the structural
and dynamic mechanisms of allostery are being obtained via
other methods. For example, the inactive M2 mAChR structure
has been subjected to long timescale molecular dynamics sim-
ulations with a diverse range of small molecule allosteric mod-

ulators, in the absence or presence of an orthosteric ligand, to
identify binding poses and mechanisms underlying cooperativ-
ity for a broad set of NAMs (98). The use of NMR has also
allowed researchers to study the conformational flexibility of
the receptor as a whole, providing more information on recep-
tor dynamics than can be obtained through static crystal struc-
tures, although no study has directly applied this approach to
GPCR allosteric modulators to date (99, 100).

Conclusions

Allosteric modulation of GPCRs is now a widely accepted
phenomenon with substantial implications for novel drug dis-
covery, yet many fundamental issues remain to be addressed.
For example, it is now clear that a single GPCR can possess
more than one allosteric site, but whether the targeting of such
sites can lead to differential behaviors remains unknown. The
prevalence of endogenous allosteric modulators remains to be
determined, but they may prove to be a mechanism of tissue-
specific regulation in normal physiology or disease that may be
amenable to chemical manipulation. The ascendance of biolog-
ics as therapeutics opens new vistas for targeting of GPCRs with
a greater degree of specificity than previously possible, yet the
extent with which such substances can interact allosterically
with GPCRs is largely unexplored. As more detailed GPCR
structural information becomes available, it too will profoundly
affect our understanding of allostery in GPCRs as well as the
manner by which allosteric molecules are designed. In prepar-

TABLE 2
Representative examples of biased allosteric modulation
CaSR, calcium-sensing receptor; Oxo, oxotremorine (1-(4-pyrrolidin-1-ylbut-2-yn-1-yl)pyrrolidin-2-one); Oxo-M, oxotremorine methiodide (N,N,N-trimethyl-4-(2-oxo-
1-pyrolidinyl)-2-butyn-1-ammonium iodide); PLD, phospholipase D; TMA, tetramethylammonium.

Ligand Receptor Bias profile (and orthosteric agonist probe)

Cinacalcet CaSR PAM for intracellular Ca2� mobilization (Ca2��)
NAL for ERK1/2 phosphorylation (Ca2�)

LPI805 Neurokinin 2 NAM for cAMP production (Neurokinin A)
NAL for intracellular Ca2� mobilization (Neurokinin A)

2-amino-3-benzothiophene derivative (MIPS#?) Adenosine A1 Allosteric agonist for cAMP production
VU0029767 M1 PAM for intracellular Ca2� mobilization (ACh)

NAL for PLD activation (ACh)
Weak PAM for PI hydrolysis (ACh)

LY203398 M2 PAM for ERK1/2 phosphorylation (ACh, Oxo, Oxo-M,
TMA, or McN-343)

NAM for ERK1/2 phosphorylation (Pilocarpine or
Xanomeline)

Brucine (mutant) M3K7.32E Allosteric PAM agonist for G�q (CCh)
PAM for G�12 (CCh)
NAL for G�i (CCh)

1-(4-Ethoxyphenyl)-5-methoxy-2-methylindole-
3-carboxylic acid and N�-tosyltryptophan

CTRH2 NAMs for arrestin recruitment (prostaglandin D2)

NALs for G protein coupling
CPPHA mGlu5 PAM for intracellular Ca2� mobilization (Glutamate or

DHPG)
NAM for ERK1/2 phosphorylation (Glutamate or

DHPG, low concentrations)
NAM for ERK1/2 phosphorylation (Glutamate or

DHPG, high concentrations)
M-5MPEP mGlu5 NAM for intracellular Ca2� mobilization (quisqualate

or DHPG)
Weak NAM for PI hydrolysis (quisqualate or DHPG)

PDC113.824 PGF2� NAM for G�12 (PGF2�)
PAM for G�q (PGF2�)

ORG27569 CB1 NAM for G�i (CP55940)
Allosteric agonist for ERK1/2 phosphorylation
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ing for such an eventuality, the rigorous biological character-
ization of each new allosteric site and allosteric ligand discov-
ered remains paramount.

Author Contributions—All authors wrote the manuscript.
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A number of recent technical solutions have led to significant
advances in G protein-coupled receptor (GPCR) structural biol-
ogy. Apart from a detailed mechanistic view of receptor activa-
tion, the new structures have revealed novel ligand binding sites.
Together, these insights provide avenues for rational drug
design to modulate the activities of these important drug tar-
gets. The application of structural data to GPCR drug discovery
ushers in an exciting era with the potential to improve existing
drugs and discover new ones. In this review, we focus on techni-
cal solutions that have accelerated GPCR crystallography as well
as some of the salient findings from structures that are relevant
to drug discovery. Finally, we outline some of the approaches
used in GPCR structure based drug design.

The process of drug discovery from bench to market is a high
risk long term investment that has been estimated to cost about
$1.8 billion per drug (1). Such high costs coupled with the pres-
sure of patent expiry dates and increased regulatory constraints
have propelled the pharmaceutical industry to increase effi-
ciency of research and development to reduce the attrition rate.
A key area of focus has been improvements in the quality of
compounds that are discovered in the early stages of the drug
discovery pipeline. The main driver for this effort has been the
general observation that the hits identified from cell-based high
throughput screening (HTS)2 strategies are usually large lipo-
philic molecules that are difficult to optimize and carry a num-
ber of liabilities that significantly increase their failure rate
(2). One of the main advances to tackle these issues has been
the utilization of fragment-based drug discovery (FBDD)
approaches that rely on screening small chemical fragments
(100 –250 Da). Because of their small size, a significantly larger
portion of chemical space can be explored with fewer com-
pounds when compared with HTS. In addition, initial hits from
a fragment screen bind more efficiently to their target and rep-
resent excellent starting points for medicinal chemists to grow
and optimize these into lead and candidate molecules (3). The

initial fragment hits exhibit low affinity, so they need to be
screened at high concentrations that make them incompatible
with biological assays. Instead, biophysical assays are used in
FBDD cascades, and in addition, these approaches are com-
bined with structural information derived primarily from x-ray
crystallography. The application of structure-based drug
design (SBDD) allows medicinal chemists to rationally convert
fragment hits into larger compounds with higher affinity while
maintaining the efficiency of binding and drug-like properties.
Historically, SBDD methods gained traction with soluble pro-
teins such as enzymes as routine generation of structural data is
facilitated by their high stability in purified form (4 – 6). This is
in sharp contrast to membrane proteins such as G protein-
coupled receptors (GPCRs) that have been refractory to SBDD
due to the challenges associated with obtaining high quality
crystals. The main problems in the field of GPCR structural
biology stem from their low stability in purified form. This
intrinsic instability is primarily due to their conformational
flexibility as well as their hydrophobic nature. To overcome
these issues, researchers have developed a number of tools and
technologies that have collectively led to a significantly
increased success rate in GPCR structure resolution. As a
result, the application of SBDD to this class of medically impor-
tant drug targets has become a real possibility.

Overview of Technology Developments Enabling GPCR
Structures

Conventional protein crystallography requires highly puri-
fied and homogenous protein samples with accessible protein-
protein interaction surfaces to allow formation of well ordered
crystals. The hydrophobic nature of membrane proteins neces-
sitates the addition of detergents for purification. Inclusion of
detergent in purification has two consequences. Firstly, deter-
gents remove the stabilizing effect of the membrane bilayer,
leading to loss of structural integrity. The extent of this loss
depends on the type of detergent used, and as a simple rule of
thumb, there is an inverse correlation with detergent chain
length. Detergents with shorter chain length result in increased
loss of activity; conversely, longer chain detergents are more
protective. Secondly and more importantly, detergent mole-
cules reduce the hydrophilic surfaces required for crystalliza-
tion. The extent of surface occlusion is also a function of deter-
gent chain length, with shorter chain detergents forming
smaller micelles when compared with detergents with longer
chains. However, as outlined above, the application of the short
chain detergents in protein purification is not generally condu-
cive to purification of correctly folded and homogenous mem-
brane proteins. One of the main advances made to overcome
this challenge has been the advent of lipidic cubic phase (LCP)
(7). The key feature of LCP is that the crystallogenesis step is
carried out in a lipidic environment that offers a more protec-
tive surrounding for the membrane proteins. This method of
crystallography has gained significant popularity, and the
majority of non-rhodopsin structures have been solved using
this method. Non-rhodopsin receptors that have been sub-
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jected successfully to the conventional method of vapor diffu-
sion have invariably been significantly engineered to exhibit
increased thermal stability and can therefore be readily purified
in harsher detergents. A technological advance with the poten-
tial to significantly increase the success rate of LCP crystallog-
raphy is the application of the x-ray free electron laser to crys-
tals grown in LCP (8 –10). Using this technique, it is possible to
use small crystals for data collection by serial femtosecond crys-
tallography. This method applies very intense and ultrashort
x-ray pulses to thousands of microcrystals that are delivered to
the intersection point with the beam using an injector. This
method not only circumvents the need to grow sufficiently
large crystals capable of withstanding radiation damage, it also
reduces the total amount of protein required. Successful appli-
cation of this method to GPCRs has been demonstrated by the
recent structure resolution of the 5-hydroxytryptamine recep-
tor 2B (5-HT2B), the smoothened receptor, and the angiotensin
II type 1 receptor.

Recent developments in protein engineering have added
another set of techniques that has greatly facilitated GPCR
structural resolution. A routine protein engineering approach
is to remove flexible extreme termini of receptors to reduce
heterogeneity and increase chances of crystallogenesis. In addi-
tion, researchers routinely add fusion partners such as T4
lysozyme or apocytochrome b562RIL to either the N terminus
or the second or third intracellular loops (11). Other fusion
partners used include the catalytic domain of Pyrococcus abyssi
glycogen synthase in the orexin 2 receptor (12) and rubredoxin
in CCR5 (13). These fusion partners are selected because they
are stable domains that crystallize readily, but more impor-
tantly, their N and C termini are in close proximity (less than 15
Å), thus allowing them to be inserted in the receptor loops
without gross alteration of the receptor structure. However, in
a number of cases, it appears that the addition of a fusion part-
ner impacts the overall structure. In the cases of �2-adrenergic
and adenosine A2A receptors, the addition of T4 lysozyme has
been observed to increase the affinity of receptors for agonists
when compared with wild type, indicating that the receptor
conformation has been shifted toward the active form (14, 15).
Comparison of the A2A structure in the absence of any fusion
with the T4 fused structure provided structural explanation for
this observation; the addition of T4 lysozyme appears to
increase the outward movement of TM6 consistent with shift-
ing the receptor conformation toward the active form (16).
However, the structure of A2A with apocytochrome b562RIL
was closer to the non-fused structure and did not exhibit the
shift toward agonist conformation (17). These observations
indicate that it is critical to understand the pharmacology of
receptors following generation of fusion constructs. The addi-
tion of the fusion partner to the N terminus is one way to min-
imize the effect of fusion on receptor conformation while main-
taining the beneficial effects of mediating improved crystal
contacts (18, 19). In addition to fusion proteins, researchers
have used antibody fragments to the same effect. Initially,
mouse monoclonal antibody fragments raised against the cyto-
plasmic face of the receptor were used to increase the hydro-
philic interaction surface and reduce flexibility (20). More
recently, single chain camelid antibodies (nanobodies) have

been used to great success in aiding GPCR crystallography.
These antibodies are small (15 kDa), rigid, and easy to clone,
express, and purify. As GPCR co-crystallization reagents, nano-
bodies have been primarily used to drive and stabilize the active
receptor conformation because this conformation is generally
more unstable, especially in the absence of G protein (21–23).
In addition, a nanobody has been used to stabilize the ternary
complex of an agonist-bound �2-adrenoreceptor in complex
with the full heterotrimeric G protein (24).

Conformational thermostabilization has become another
established protein engineering solution to aid GPCR crystal-
lography. This approach relies on the identification of single
point mutations that increase the thermal stability of deter-
gent-solubilized receptors in a particular conformation. To
generate a conformationally thermostabilized receptor, a
detergent-compatible thermal stability assay needs to be set up.
In its simplest form, a labeled ligand (usually a radio-labeled
one) is used to measure receptor thermal stability in a deter-
gent-compatible ligand binding assay. The application of ligand
binding to measure stability not only allows screening of
mutants in a high throughput manner, it also results in the
biasing of the receptor population to a particular conforma-
tion. Initially, systematic scanning mutagenesis was used to
generate the mutant library (25); however, molecular evolu-
tion approaches have now been developed that apply random
mutagenesis screening strategies (26). Regardless of the
approach used, these methods result in stabilization of recep-
tors in a particular conformation, thus reducing the confor-
mational heterogeneity, which increases the success of crystal-
lization. As with receptors with fusions, it is critically important
to thoroughly evaluate the pharmacology of the stabilized
receptors to ensure that the effects of stabilization on confor-
mation are consistent with the ligand pharmacology used in the
process of stabilization (27). A key advantage of receptor con-
formational stabilization is that stabilized receptors do not rely
on ligand-induced stability to maintain the conformation and
structural integrity. Consequently and in contrast to wild-type
receptors, stabilized receptors allow successful structural reso-
lution in complex with weak binding ligands (16). This is a
critical advantage, especially when structure determination is
an integral part of an SBDD campaign where many early hits
may not exhibit high affinity and structural information would
be critical in their development.

Key Features of GPCR Structures Relevant to Drug
Discovery

The application of the technical advances described above
has led to a plethora of GPCR structures that have in a signifi-
cant way paved the way for the application of SBDD approaches
to this class of proteins. One of the key insights derived from the
recent GPCR structural biology revolution is the understanding
of receptor activation gained from analysis of structures in dif-
ferent conformations. In addition, a number of recent struc-
tures have revealed novel ligand binding sites outside of the
main orthosteric binding pocket, which in combination with
our structurally refined understanding of activation mecha-
nism have opened up exciting possibilities for discovering
drugs to modulate GPCRs. In this section, we focus on aspects
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of structural biology that are of relevance to drug discovery. As
most of the structures resolved to date belong to receptors in
class A, this section focuses primarily on this class of receptors.
The residues are referred to in the Ballesteros-Weinstein num-
bering system (28).

The first sight of structural changes underpinning receptor
activation came from the resolution of opsin in complex with
the C-terminal fragment of the �-subunit of transducin (the
light transduction heterotrimeric G protein) (29). When com-
pared with the dark-state structure of rhodopsin (the inactive
state), the opsin-G�t peptide structure revealed that on activa-
tion, there is a large outward movement of TM6 that allows a
large binding site to be created for the G� subunit. This signif-
icant rearrangement upon activation was further corroborated
by the structures of the agonist-bound �2-adrenergic receptor
stabilized in the active conformation by a G protein-mimicking
nanobody as well as the full ternary complex of this receptor
with agonist and the G protein (21, 22, 24). These structures
also revealed the outward movement of TM6, although the
extent of this movement was larger than that observed in the
opsin structure. Drawing on the information from these recep-
tor systems and the wealth of receptor mutagenesis data, it is
possible to propose a common activation mechanism (30).
Central to this mechanism is a set of conserved residues in the
core of the receptors consisting of Leu3.43, Phe6.44, and X6.40

where X is a bulky hydrophobic residue (e.g. valine, isoleucine,
leucine, or methionine). Prior to activation, interactions of
these residues maintain TM3 and TM6 in the inactive state. In
this state, Leu3.43 is stabilized by X6.40 residue and Phe6.44, and
following agonist binding, TM3 moves upwards, which results
in stabilization of Leu3.43 against the conserved residue of
Leu2.46, which in turn pushes up Asn7.49 of the highly conserved
NPXXY motif. This upward movement of Asn7.49 allows Tyr7.53

to hydrogen-bond with Tyr5.58 via a water molecule, which
facilitates its interaction with Arg3.50 of the so-called ionic lock
motif of the (D/E)RY. The ionic lock has been proposed to
maintain the TM3 and TM6 in the inactive conformation
through a salt bridge between Arg3.50 and Glu6.30. Collectively,
these structural changes result in the stabilization of the active
conformation. Consistently with their proposed role in keeping
the receptor in the inactive conformation, mutations that dis-
rupt this network often result in constitutively active receptors
(examples are discussed in Ref. 30).

Understanding how ligand binding will lead to receptor acti-
vation will be very important for utilizing structural informa-
tion to support SBDD. However, given the varying nature of the
agonist ligands as well as their different binding sites, it is diffi-
cult to provide a unifying route for activation originating from
ligand binding. Each receptor system with its unique agonist
molecule and binding site will effect the changes required for
receptor activation differently. For example, in the case of the
�2-adrenergic receptor, agonists form hydrogen bonds with
two serine residues on TM5 (Ser5.42 and Ser5.46), which results
in an inward movement of TM5 causing the conserved Pro5.50

to interact with and induce a different rotameric state at Ile3.40,
which results in effect in the upward movement of TM3 and the
key residue of Leu3.43 in the hydrophobic core. In addition, the
rotameric change of Ile3.40 forces rotation of Phe6.44, which

along with the upward shift of Leu3.43 completely destabilizes
the hydrophobic core that leads to receptor activation (30). An
interesting observation from the resolution of the related tur-
key �1-adrenergic receptor in complex with a range of full and
partial agonists revealed how differential ligand efficacies might
be rationalized from structural insight. Similar to �2-adrenergic
receptor, a full agonist in complex with �1-adrenergic receptor
forms hydrogen bonds with the two TM5 serines outlined
above. In contrast, partial agonists such as salbutamol and
dobutamine do not engage Ser5.46, which presumably results in
weaker stabilization of the active conformation and thus leads
to reduced levels of activity (31).

Although the collective knowledge gleaned from different
structures is incredibly valuable and has advanced our knowl-
edge of receptor biology significantly, it is wise to remember
that crystal structures are in essence frozen snapshots. In addi-
tion, although different structures in different conformations
can be used to generate a high tech version of a zoopraxiscope
movie, the full spectrum of receptor activation is undoubtedly
more complex. To compensate, researchers have used com-
plementary approaches such as spectroscopic techniques and
molecular dynamics simulations to get a more complete picture
of the receptor activation mechanism. Using these approaches,
it has been shown that there is a spectrum of conformations
more complex than the simple active and inactive conforma-
tions. Specifically, computational approaches have provided
evidence for metastable states that will be very difficult if not
impossible to capture experimentally (32). Atomic-level simu-
lations based on the available crystal structures of the �2-adren-
ergic receptor reveal that different sections of the receptor (the
ligand binding site, G protein binding site, and connector
region) exhibit weak allosteric coupling and can occupy differ-
ent conformations independently (32). The consequence of this
loose structural relationship is that ligand efficacy only needs
modulation of the equilibrium between different conforma-
tions to achieve distinct pharmacological outcomes. These
computational predictions have been experimentally validated
using NMR and pulsed electron paramagnetic resonance spec-
troscopy, where an agonist-alone bound receptor exhibits sub-
stantial conformational heterogeneity and full activation is
achieved in the presence of G protein. It appears that as agonist
binding shifts the equilibrium toward active conformation,
there is a concomitant increase in receptor conformation het-
erogeneity, which presumably allows the receptor to engage
alternative signaling or regulatory proteins depending on the
context and environment. Binding of G protein (or G protein
mimetic) to the agonist-occupied receptor results in a reduc-
tion in receptor conformation heterogeneity and stabilization
of the fully active conformation (33, 34).

In addition to the information regarding receptor activation,
recent x-ray structures have revealed a wide diversity of unex-
pected binding sites not previously predicted by mutagenesis
studies or pharmacology. It appears possible to activate or block
activity of GPCRs by a number of different mechanisms other
than mimicking or blocking the binding of the natural agonist
ligand. The first example of this was the CRF1 structure (35)
where the antagonist CP-376395 was found to bind deep within
the transmembrane domain close to the intracellular side of the

MINIREVIEW: From GPCR Structure to Rational Drug Design

AUGUST 7, 2015 • VOLUME 290 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 19491



receptor. The binding site for the receptor has very restricted
access, and it is possible that the ligand may enter the receptor
through the membrane rather than through the entrance to the
orthosteric peptide binding site even though this is an open
cavity in the CRF1 receptor protein. CP-376395 has been noted
to have a very slow on-rate (36), which may be due to ligand
entry route.

Recent structures have revealed that multiple binding sites
can be present on some of the receptors that offer further
opportunities for drug design. The x-ray structures of the pro-
tease-activated PAR1 receptor and the related class A puriner-
gic receptor P2Y12 both indicated the presence of multiple
binding pockets within the transmembrane domain (37, 38). In
P2Y12, pocket 1 is formed between TM3 and TM7, whereas
pocket 2 is formed between TM1–3 and TM7 (Fig. 1). The
antagonist AZD1283 is bound in pocket 1. This is similar to the
position of vorapaxar binding to the PAR1 receptor. Modeling
and mutagenesis studies suggest that some P2Y12 antagonists
including those that bind covalently to the receptor may bind to
pocket 2 rather than pocket 1 (38).

Structures of P2Y12 have also been solved in complex with
the full agonist 2MeSADP and the related 2MeSATP (39).
These agonists bind to the same overall pocket as AZD1283 (i.e.
pocket 1); however, they bind in a very different orientation,
which is only partially overlapping. Of more significance and
interest is that the agonist-bound structures show dramatic
conformational rearrangements in the extracellular region of
the receptor. In the agonist-bound form, the binding pocket
appears to be occluded by a lid formed by the positively charged
extracellular loops and the N terminus (Fig. 1). This closed con-
formation is facilitated by the negatively charged phosphate
group of nucleotide agonist. In the absence of a negatively
charged ligand, the binding pocket will remain open through
charge repulsion of the arginine and lysine residues. Consis-
tently, the P2Y12 structure in complex with the non-nucleotide
antagonist AZD1283 shows an open pocket (Fig. 1). Such
arrangement of positively charged residues and the rearrange-
ment of the extracellular side in response to the binding of a
negatively charged agonist molecule indicate the evolution of a
specific mechanism for specific ligand recognition. The full

functional implications of this charged network and structural
rearrangement remain to be fully explored.

The structure of the P2Y1 receptor, another platelet receptor
involved in platelet aggregation, has also revealed multiple
binding sites (40). The nucleotide antagonist MRS2500 binds to
a site at the top of the transmembrane domain between TM6
and TM7 but also involving the N terminus and extracellular
loop 2. This site is distinct from the nucleotide binding site
found in P2Y12, which sits deeper in the receptor. Interestingly,
previous mutation studies on P2Y1 have indicated that some
antagonists may bind deeper in the receptor at a site analogous
to the P2Y12 receptor (Ref. 40 and references cited therein). The
most unexpected finding of the P2Y1 structure is the binding
site of the non-nucleotide antagonist BPTU, which was found
to bind on the outside of the receptor on the lipid interface
between TM1, TM2, and TM3 (Fig. 2). This binding site
explains the unusual structure-activity relationship of related
compounds where binding affinity appears to correlate with
lipophilicity. BPTU acts as a negative allosteric modulator
accelerating the dissociation of nucleotide agonists (40).

The lipophilic agonist for the GPR40 (FFA1) receptor
TAK875 also has an unusual binding site that is partly outside
the helical bundle (41). This compound was found to bind
partly in the perceived orthosteric binding site but extends
through TM3 and TM4 to the lipid membrane. Similar to the
CRF1 antagonist, this ligand is also considered to enter the
receptor via the lipid bilayer rather than directly from the extra-
cellular domain. An entry route from the lipid membrane has
also been proposed based on the S1P1 structure between TM1
and TM7 because normal access to the pocket is excluded by
the N terminus and extracellular loops (42) (Fig. 2). It seems
likely that other lipid ligands may enter via similar routes, and
indeed that has also been suggested for the cannabinoid recep-
tor family, although this has not yet been confirmed by a struc-
ture (43).

Structure-based Design Techniques Applied to GPCRs

The availability of high resolution x-ray structures of GPCRs
has provided the opportunity to apply structure-based methods
to the design of drugs. Such methods are now well established

FIGURE 1. Surface representation of the extracellular face of P2Y12 and PAR1 receptors in complex with the indicated ligands. Receptors are depicted
in rainbow spectrum starting with TM1 in blue and ending with TM7 in red. In the P2Y12 receptor, pocket 1 is formed between TM3 and TM7, whereas pocket
2 is formed between TM1–3 and TM7. P2Y12 structure with 2MeSADP shows closed lid conformation. For clarity, portions of the extracellular loops have been
removed in the PAR1 structure.
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for soluble enzyme targets but are only now being applied to
membrane proteins such as GPCRs. Starting points for GPCR
chemistry projects have until recently been cell-based HTS
campaigns. However, for many targets of current interest, such
as lipid and peptide receptors, these tend to have a poor hit rate.
In addition, HTS methods bias ligand selection toward higher
potency compounds, which often have high molecular weight
and undesirable physicochemical properties. In the absence of
structural information, lead optimization can be difficult. An
alternative method is to use the detailed knowledge of the pro-
tein-ligand binding pocket to run a virtual screen whereby vast
libraries (e.g. the ZINC database is a free database of �80 mil-
lion commercially available compounds) are screened by dock-
ing compounds into models of the receptor and then scoring
the fit using computational programs such as GLIDE
(Schrödinger, LLC). The highest scoring hits are then selected
for biochemical screening. Virtual screen hit rates of 3–10%
have been reported for a range of GPCR targets including the
adenosine A2A receptor (44), histamine H1 (45), and the
chemokine receptor CXCR7 (46).

Characterizations of the binding site (in terms of size, shape,
and physicochemical properties, such as lipophilicity and
hydrogen bonding) are analyzed to design ligands that are opti-
mized to achieve high affinity binding. It is now clear that water
molecules within the receptor are an important consideration
in drug design. The deep pockets of GPCRs are filled with water
molecules. In the highest resolution structures, crystallo-
graphic waters can be resolved, and computational software
programs such as WaterMap (Schrödinger, LLC) can be used to
predict the positon of water molecules and determine their
energetics. Water molecules that are trapped in lipophilic pock-
ets have a high relative energy and have been called “unhappy
waters” in comparison with “happy waters” present in bulk sol-

vent. GPCR binding sites usually include a number of unhappy
waters, and displacement of these by small molecule drugs is
energetically favorable, contributing to potent and ligand-effi-
cient binding. The location of water molecules within GPCR
structures is important in understanding ligand binding, selec-
tivity, and the design of new compounds (47).

Although the optimization of antagonist ligands is driven
primarily by affinity, the application of structure-based
approaches to the design of agonist ligands is more challenging.
In this case, specific interactions must be made between the
ligand and the receptor to trigger the conformational changes
associated with receptor activation as described above. Com-
pounds that bind preferentially to the agonist conformation
will stabilize this form of the receptor and alter the equilibrium
between agonist and antagonist forms. The availability of x-ray
structures in the active conformation allow this to be modeled,
although a deeper understanding of the structural basis of effi-
cacy will require many more structures in complex with ago-
nists of different levels of efficacy. For now, it is important to
use structural information in conjunction with data obtained
from cell-based functional assays to guide compound selection
in agonist projects.

There is an increasing interest in the development of allo-
steric modulators as drugs directed at GPCRs. These may have
improved selectivity and therapeutic index when compared
with orthosteric ligands (48). Novel x-ray structures with allo-
steric modulators bound have now been solved for class A mus-
carinic M3 receptor (23), class B CRF1 receptor (35), and class C
mGlu1 and mGlu5 receptors (49, 50). Of particular interest was
the x-ray structure of the M3 muscarinic receptor simultane-
ously bound to the orthosteric agonist iperoxo and the positive
allosteric modulator LY2119620 found in the extracellular ves-
tibule of the receptor (23). The extracellular vestibule has been

FIGURE 2. Surface representation of GPR40, �2-adrenergic receptor and S1P1 receptor in complex with the indicated ligands. The top panel shows the
extracellular faces of the receptors; in contrast to the �2-adrenergic receptor, the route to the ligand binding site GPR40 and S1P1 is occluded from top. The
bottom panel shows the side view of the GPR40 and S1P1 receptors where the ligand binding site is clearly visible. It is thought that in these receptors with
lipophilic ligands, the route to ligand binding is through the membrane bilayer.
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suggested as an entry point on the receptor for the binding of
the endogenous ligand acetylcholine as well as drugs targeted at
these receptors (51). For example, the orthosteric muscarinic
antagonist tiotropium is predicted by molecular dynamics sim-
ulations to bind to an allosteric site in a metastable binding
form on its way to bind to the orthosteric site in the receptor.
Interestingly, differences in binding at the site between M2 and
M3 receptors may contribute to the different kinetics that
tiotropium shows at these receptor subtypes (51).

Biased agonists are another highly active area in the field of
GPCR drug discovery (52). As yet, the structural basis of bias
remains to be elucidated and will rely on solving structures in
the presence of other signaling molecules such as �-arrestin as
well as getting multiple co-structures with ligands showing dif-
ferent biases.

Drugs that have been identified using structure-based meth-
ods are now progressing to clinical trials (53). It is anticipated
that as has been shown for soluble targets, the success rate of
these compounds progressing through the different stages of
development should be higher than those obtained by more
empirical methods.
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Meeting the complex physiological demands of mammalian
life requires strict control of the metabolism of long-chain fatty
acyl-CoAs because of the multiplicity of their cellular functions.
Acyl-CoAs are substrates for energy production; stored within
lipid droplets as triacylglycerol, cholesterol esters, and retinol
esters; esterified to form membrane phospholipids; or used to
activate transcriptional and signaling pathways. Indirect evi-
dence suggests that acyl-CoAs do not wander freely within cells,
but instead, are channeled into specific pathways. In this
review, we will discuss the evidence for acyl-CoA compart-
mentalization, highlight the key modes of acyl-CoA regula-
tion, and diagram potential mechanisms for controlling acyl-
CoA partitioning.

Two prevailing views of metabolic pathways within the cyto-
sol are a) as sequential steps within a largely empty space with
substrates and products traveling from one enzyme to the next,
and b), as embedded within a dense network of proteins and
metabolites, all jockeying for position. In contrast to these two
views, it is likely that synthetic and degradative pathways are
composed of enzymes and their regulators in highly organized
multi-enzyme assemblies designed to enhance efficiency and
regulate steady-state flux (1). Proteins within these assemblies
might interact via their transmembrane and extra-membrane
domains or be tethered to scaffolds, in a manner that is regu-
lated by allosteric effectors and post-translational modifica-
tions (2, 3). Such interactions may be transient, as occurs with
the enzymes that comprise purinosomes (4), or they may be
semi-permanent as occurs within glycogen granules that con-
tain enzymes that synthesize and degrade glycogen, and their
regulatory kinases and phosphatases (5, 6). Assemblies of pro-
teins are advantageous because even without a physical tun-
nel, they can increase reaction rates by enhancing local
substrate concentrations, restricting intermediates from
entering competing reactions, and stabilizing chemically
unstable intermediates.

Because the dysregulation of metabolic homeostasis has been
implicated in a multitude of human diseases, acyl-CoA metab-
olism represents a critical node for understanding whole-body
pathophysiology. Apart from eicosanoid synthesis, the first step
in the metabolism of long-chain fatty acids (FAs)2 is their
thioesterification. The resulting acyl-CoA is then metabo-
lized by one of six major enzyme families: elongases and
desaturases (7), dehydrogenases (8, 9), acyl-CoA thioes-
terases (10, 11), carnitine palmitoyltransferases (CPT) (12),
and lipid and protein acyltransferases (13) (Fig. 1). These
competing pathways, often present within a single subcellu-
lar compartment and coupled with the highly specialized
metabolism of individual cells and tissues, suggest a level of
organization extending beyond enzymatic function. In this
review, we will use a physiological lens to focus on long-
chain mammalian fatty acyl-CoAs and the evidence for com-
partmentalized acyl-CoA metabolism.

Metabolism of Fatty Acids and Acyl-CoAs

Many pathways rely on enzymes that contain membrane-
spanning domains or are tightly associated with membranes.
Plasma membrane, endoplasmic reticulum (ER), and Golgi are
sites of protein acylation (14), and the ER provides the site for
FA �-oxidation, for the elongation and desaturation of FAs, for
the synthesis of retinol esters, cholesterol esters, and most
glycerol- and sphingophospholipids, and for the synthesis of
triacylglycerol (TAG). The initial substrate for each of these
pathways is a long-chain acyl-CoA, the product of one of 13
long-chain or very-long-chain acyl-CoA synthetases (ACSL,
ACSVL/FATP, ACS bubblegum (ACSBg)) that activate the FAs
of 14 –26 carbons (15). The metabolism of acyl-CoAs within
cells appears to be highly controlled, and the movement of the
acyl-CoAs themselves seems to be compartmentalized. How
this occurs remains obscure.

Acyl-CoAs are amphipathic molecules with critical micellar
concentrations of 5– 42 �M, depending on chain length and
degree of unsaturation (16, 17). However, acyl-CoAs are
unlikely to self-aggregate because, within cells, they are bound
to proteins and membranes. Because the effective free concen-
tration of acyl-CoAs within the cell is estimated to be substan-
tially lower than 200 nM, and because most proteins that have
been found to interact with acyl-CoAs in in vitro experiments
have specific binding affinities in the �M range, it has been
suggested that acyl-CoAs may not be effective modulators of
these proteins (18). However, the intracellular concentration of
acyl-CoAs, which is measured as between 5 and 160 �M (18), is
probably an inaccurate representation of the concentrations
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within specific membrane domains or near the active sites of
metabolic enzymes.

Is Acyl-CoA Metabolism Compartmentalized?

Several independent lines of data support the hypothesis that
FAs and acyl-CoAs are compartmentalized within cells and
trafficked into specific pathways. Although each is indirect,
taken as a whole, the concept is compelling.

Vectorial Acylation

Exogenous FA uptake into cells is enhanced by vectorial acy-
lation, a process that traps entering FAs by converting them
into acyl-CoAs, which cannot exit the cell (19, 20), and by
downstream metabolic pathways that release the CoA and
allow it to be recycled for additional acyl-CoA synthesis (21).
The cellular locations of the acyl-CoA synthetases are not crit-
ical for FA uptake. Thus, ACSLs and ACSs designated as FA
transport proteins (FATPs) enhance FA uptake even when they
are located on intracellular membranes (22). An example is
provided by similar uptake of arachidonate by each of two dif-
ferentially spliced variants of ACSL4, one located on the plasma
membrane and in the cytosol and the other located on the ER
and lipid droplets (23). Overexpressing ACSL4 at the ER
generated 50% more phosphatidylinositol than when it was
targeted to the mitochondria, compatible with a specific inter-
action with ER enzymes that synthesize or remodel phosphati-
dylinositol. These data provide compelling evidence for com-
partmentalization, as subcellular location of a specific ACSL

isoform may be important for the interaction of FA substrates
with a specific metabolic pathway.

Many downstream proteins that metabolize acyl-CoAs have
a well defined cellular distribution. CPT1, for example, is
expressed on the outer mitochondrial membrane as part of the
machinery to transport activated long-chain acyl-CoAs into the
mitochondrial matrix for �-oxidation (24), and the major ester-
ification pathways that use acyl-CoAs are predominantly
located on the ER. However, the location of several putative
intrinsic membrane enzymes may not be static. For example,
incubating Drosophila S2 cells with oleate causes the ER glyc-
erol-3-phosphate acyltransferase (GPAT) to translocate to
newly formed lipid droplets (25), suggesting that GPAT do-
mains formerly believed to constitute transmembrane se-
quences, can instead integrate within the phospholipid mono-
layer that surrounds the lipid droplet. With few exceptions, FA
channeling has not been rigorously evaluated. ACSL1 and
CPT1 interact at the mitochondrial outer membrane, an asso-
ciation that ensures compartmentalized FA channeling into
the mitochondrial matrix (26); the interaction of diacylglyc-
erol acyltransferase (DGAT)-2 and monoacylglycerol acyl-
transferase-2 within a large protein complex via the trans-
membrane domains of DGAT2 should enable cells to
efficiently process acyl-CoAs within the cytosol (27); and
recent co-immunoprecipitation studies have identified pro-
teins in the pathway of TAG synthesis that interact with the
ER protein seipin (28).

FIGURE 1. Metabolic reactions of acyl-CoAs. Long-chain FAs are synthesized de novo from acetate or enter cells from the plasma. They are converted to
acyl-CoAs by ACSL and ACSVL. The reaction is reversed by acyl-CoA thioesterases (ACOT). Acyl-CoAs can be elongated and desaturated, converted to acylcar-
nitines, and metabolized to CO2 via mitochondrial and peroxisomal enzymes, esterified to glycerol-3-phosphate to form lysophosphatidic acid (LPA), phos-
phatidic acid (PA), and TAG, and esterified to monoacylglycerol (MAG) to form diacylglycerol (DAG). Both phosphatidic acid and diacylglycerol are precursors
for all the glycerophospholipids. Acyl-CoAs are also esterified to retinol and cholesterol, acylated to proteins, and incorporated into ceramide to form
sphingolipids. Lipolysis of these products releases fatty acids back into cellular pools. Triacylglycerol, cholesterol esters, and retinol esters are stored in lipid
droplets within cells or secreted from specialized cells as lipoproteins or milk constituents. NEFA, non-esterified fatty acid.
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Evidence from Thermogenesis

FA oxidation in brown adipose is impaired by deficiencies in
several proteins and enzymes that provide a view of what a
multi-protein metabolic cluster might encompass. In addition
to the mitochondrial enzymes of �-oxidation, thermogenesis
requires proteins involved in TAG lipolysis and FA transport
and activation (Fig. 2). These proteins include adipose triglyc-
eride lipase (ATGL), a lipid droplet-associated lipase that
releases FAs (29), palmitoyl-protein thioesterase-1, which
diminishes TAG lipolysis (30), FA-binding protein (FABP)-3, a
FA carrier (31, 32), and ACSL1 (33) and FATP1/ACSVL4 (34),
which are FA activators. The block in thermogenesis caused by
the absence of any one of these proteins strongly suggests that
they form an assembly in brown adipose that metabolizes a pool
of FAs that originate in lipid droplets and are specifically tar-
geted to CPT1 for �-oxidation. In addition, the thioesterase,
Them2, and its binding partner phosphatidylcholine transfer
protein, enhance thermogenesis, suggesting that these, too, are
members of the thermogenic cluster (35).

Metabolism of de Novo Synthesized FA

Studies of mice deficient in acyl-CoA synthetases suggest
that acyl-CoAs may be sequentially synthesized, hydrolyzed,
and resynthesized, perhaps as they are targeted to different
organelles within cells. For example, we can construct a se-
quence beginning with the insulin-induced de novo synthesis of
16:0 within the cytosol, followed by conversion to 16:0-CoA by
an ACSL and then esterification to form lysophosphatidic acid
by GPAT1, which is embedded in the outer mitochondrial
membrane and prefers saturated FAs that have been synthe-

sized de novo (36). In GPAT1-deficient mice, FA oxidation
increases, suggesting that GPAT1 and CPT1 compete at the
mitochondrial membrane for a specific pool of acyl-CoAs (37).
Regulation occurs via SREBP1- and carbohydrate-responsive
element-binding protein (ChREBP)-mediated up-regulation of
enzymes of FA synthesis and GPAT1 (13), so that when acyl-
CoAs are the product of de novo biosynthesis, their capture by
GPAT1 prevents newly synthesized FAs from subsequent
�-oxidation.

In contrast to this evidence for intracellular FA compart-
mentalization, dietary triolein supplementation restores lipid
accumulation in stearoyl-CoA desaturase 1 (SCD1)-deficient
liver (38). However, because dietary triolein does not correct
the phenotype in global SCD1 deficiency, exogenous and
endogenous oleate pools may be metabolized differently in
extrahepatic tissues.

ACSL1 Knock-out Mice

Studies of ACSL1 knock-out mice provide the most persua-
sive argument for compartmentalized acyl-CoA metabolism. In
liver, ACSL1 is equally distributed on the ER and the mitochon-
drial outer membrane. Because it comprises only �50% of the
total ACS activity in either location, its absence results in minor
decreases in TAG synthesis and FA oxidation (39). In contrast,
in highly oxidative tissues, including heart, skeletal muscle, and
brown adipose, ACSL1 constitutes 90% of total ACS activity
and its absence severely diminishes FA oxidation, although the
remaining ACSL isoforms are sufficient for normal TAG and
membrane phospholipid biosynthesis (33, 40, 41). One might
reason that when ACSL1 is absent, FA oxidation would be neg-

FIGURE 2. A hypothetical assembly of proteins, substrates, and products that are critical for thermogenesis in brown adipocytes. Mice are unable to
maintain a normal body temperature if they lack ATGL, FABP3, FATP1, and ACSL1 or are heterozygotes for CPT1. 1) ATGL hydrolyzes FA from TAG in lipid
droplets. 2) FABP3 binds these released FAs and transports them to FATP1 and ACSL1, which convert them to acyl-CoAs (A-CoA). 3) These acyl-CoAs are
substrates for CPT1, which converts them to acylcarnitines (AC) that enter the mitochondrial matrix and are metabolized by �-oxidation to produce heat. 4)
Thioesterase superfamily member-2 (Them2) and its partner phosphatidylcholine transfer protein (PC-TP) improve the thermogenic process by converting
acyl-CoAs, perhaps those formed in other locations, back to fatty acids that can be reactivated by FATP1 and ACSL1 located at the mitochondrial membrane.
TCA, tricarboxylic acid cycle.
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ligible, merely because less exogenous FA enters the cells. Argu-
ing against this interpretation, however, are data from mice
deficient in skeletal muscle ACSL1 (41). Because FAs cannot be
used for fuel, these mice can run only half as far as their wild
type littermates before becoming hypoglycemic. Surprisingly
however, their muscle content of long-chain acyl-CoA in-
creases 10-fold during exercise and at exhaustion is 89% higher
than controls. The low muscle content of long-chain acylcar-
nitines confirms that the large amount of acyl-CoA synthesized
by other ACSL isoforms in ACSL1-deficient muscle is metabol-
ically unavailable for �-oxidation.

Similar to skeletal muscle, ACSL1 is the predominant ACS in
heart. Genetic deletion of ACSL1 results in a 97% decrease in
total long-chain acyl-CoAs (40). This decrease results in a
nearly complete inhibition of mitochondrial FA oxidation,
although membrane phospholipid and TAG synthesis remain
intact. Again, it appears that mitochondrial ACSL1 is essential
in the heart to partition FA toward oxidation. ACSL1 functions
similarly in adipose tissue (33). When mice are challenged with
cold exposure, brown adipose FAs cannot be mobilized from
the TAG stored in lipid droplets and are unavailable for mito-
chondrial oxidation and thermogenesis, and even in white adi-
pose, the reduced �-oxidation results in preferential partition-
ing of FA into TAG stores (33).

ACSL Subcellular Location

Intracellular FAs originate from three primary sources, exog-
enous FAs that enter cells from the blood or from the gut
lumen, FAs that arise via de novo synthesis from acetate, and
FAs that are released within the cell by the hydrolysis of acy-
lated proteins, phospholipids, and TAG. Indirect data suggest
that FAs originating from each source comprise distinct intra-
cellular pools and are preferentially activated by specific acyl-
CoA synthetases and directed into specific metabolic pathways.
For example, FAs derived from de novo synthesis versus exoge-
nous sources are metabolized differently by GPAT isoforms
located on the mitochondria or the ER (36) and even by the two
DGAT isoforms, located on the ER or on lipid droplets (42– 44).

Although subcellular location ought to critically define
aspects of acyl-CoA partitioning, studies of the ACSL isoforms
have been problematic. Subcellular fractionation frequently
results in contamination of specific organelles with other cellu-
lar constituents. For example, several ACSL isoforms have been
identified by proteomic studies of lipid droplets, but it remains
unclear as to whether discrepancies in these reports reflect sta-
ble or transient associations of a particular ACSL on the lipid
droplet or, instead, contamination with fragments of associated
ER (45). Confocal studies are superior in that the normal cell
structure is not disrupted, but they depend on highly specific
antibodies to native proteins, and may not identify proteins
expressed at low amounts in some organelles. Overexpression
studies, particularly with tagged proteins, may not reflect the
endogenous location or interactions with other proteins. The
reported interaction of FATP1 and ACSL1 (46), for example,
should be re-examined using a confocal method. Massively
overexpressing a protein may result in ER retention and may
not mirror the location of the native protein.

In addition to technical limitations in assigning location, the
individual ACSL isoforms appear to move in response to
changes in physiologic stimuli. Similar to studies of GPAT4
(25), treatment with exogenous FA causes tagged ACSL3 to
move from the ER to newly forming lipid droplets (47), and a
knockdown of Acsl3 in hepatocytes reduces de novo FA synthe-
sis (48, 49), suggesting that ACSL3 is involved in the flux of
acyl-CoAs toward storage. Treatment with insulin stimulates
FATP1 translocation from the ER to the plasma membrane and
increases the intracellular content of long-chain FA.

In addition to physiologic changes, the location of ACSL iso-
forms may be tissue-dependent, but few studies have reported
on both location and function. Thus, the presence of ACSL5 on
liver mitochondria (50) suggested that, like ACSL1, ACSL5
would target FA toward �-oxidation. However, although over-
expressed ACSL5 in McArdle-RH7777 cells was located on
both mitochondria and ER, oleate incorporation increased only
into TAG and not into oxidation products (51). In support of
these data, the siRNA knockdown of ACSL5 in rat primary
hepatocytes decreased oleate-mediated TAG synthesis and
lipid droplet formation (52).

Nutritional Regulation

To maintain energy homeostasis, cells must adapt rapidly to
the available nutrients. Switching between glucose and FAs (53)
is regulated by the cellular level of malonyl-CoA, which inhibits
CPT-I, thereby blocking the mitochondrial entry and oxidation
of long-chain fatty acyl-CoAs, which are then available for
esterification into glycerolipids. During fasting, rising cellular
AMP levels activate AMP-activated protein kinase, which
enhances ATP-generating pathways that diminish malonyl-
CoA production, thereby relieving the inhibition of CPT-I. In
addition, fasting induces TAG lipolysis, and the released FAs
activate the deacetylase, SIRT1, and the PPAR co-activator,
PGC1�, to increase mitochondrial biogenesis (54). Thus, cyto-
solic metabolites control the metabolic fate of the acyl-CoAs.

Nutrient status similarly controls the transcription of ACSL
isoforms. In rat liver, fasting increases and refeeding decreases
the mRNA abundance of Acsl1 and Acsl4, whereas the expres-
sion of Acsl5 mRNA responds in the opposite manner (55).
However, even these changes can be altered by dietary nutri-
ents, so that fasted rats that are refed with a high-fat (20% soy-
bean oil) diet increase Acsl1 mRNA expression in liver (56).

Transcriptional regulation of ACSL isoform mRNA expres-
sion depends on activated PPARs. In heart, liver, and skeletal
muscle, PPAR� activation increases the transcription of Acsl1
(57, 58), but in adipocytes, the transcription of Acsl1 is
enhanced by PPAR� (59), Acsl4 transcription in liver is also
increased by PPAR�/� activation (60). Although synthetic
ligands were used to activate the PPAR isoforms, these studies
suggest that, as PPAR ligands, endogenous and exogenous FAs
or acyl-CoAs may themselves alter ACSL isoform expression
and activity.

Although in vitro experiments must be interpreted cau-
tiously, FAs appear to control ACSL expression, perhaps via
PPAR activation. Exogenous oleate added to rat cardiomyo-
cytes increases Acsl1 expression (57), and in rat insulinoma
cells or mouse hepatocytes, polyunsaturated FAs, but not satu-
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rated or monounsaturated FAs, reduce both Acsl4 mRNA and
protein expression (61, 62). Polyunsaturated FAs also increase
ACSL4 protein degradation via a ubiquitination-dependent,
proteasomal degradative pathway (62). In addition to promot-
ing changes in subcellular location, insulin increases Acsl1 and
Acsl5 expression in cultured hepatoma cells (63), Acsl1 and
Acsl3 expression in rat cardiomyocytes, and Acsl6 expression in
cardiomyocytes (57). It is not known whether the inductive
effect of insulin on the ACSL isoforms is mediated by SREBP.
These insulin exposure studies appear to be at odds with fasting
studies in which one would expect that insulin levels would be
relatively low.

Polyunsaturated FAs are natural ligands for nuclear tran-
scription factors such as the PPARs, liver X receptors (LXRs),
HNF-4�, and SREBPs 1 and 2, but their chain length, degrees of
unsaturation, and source (exogenous versus de novo) have dif-
ferential effects on the gene regulation. For example, hepatic
PPAR� binds oleate, arachidonate, and docosahexaenoic acid
with near equal affinity (64); however, in rat hepatocytes, only
docosahexaenoic acid activates PPAR� (65). These observa-
tions suggest that the metabolism of specific FA species is
highly organized, supporting the hypothesis that acyl-CoAs are
compartmentalized.

ACSL Substrate Preference

The Yamamoto group (66), which cloned the five rat ACSL
isoforms, used a coupled spectrophotometric assay to identify
the FA preferences of purified recombinant rat isoforms.
Although all isoforms activated saturated and unsaturated FAs
of 16 –20 carbons, ACSL6 (originally called ACSL2) had higher
activities with 20:4�6, 20:5�3, and 22:6�3, suggesting that it
might be involved in the metabolism of brain phospholipids,
which have a high content of polyunsaturated FAs, or in eico-
sanoid function (67, 68). In fact, in differentiating PC12 cells,
ACSL6 enhances both the uptake of 22:6 and neurite outgrowth
(69, 70). ACSL4 has a reported preference for arachidonate, and
as might be expected, the incorporation and the secretion of
eicosanoids and arachidonate are diminished when ACSL4 is
knocked down in INS832/13 (61), 3Y1 rat fibroblast (71), and
activated hepatic stellate cells (HSC) (72). However, the pub-
lished substrate preference for each ACSL family member is not
invariably observed. For example, although the purified recom-
binant ACSL1 had no preference for arachidonate or linoleate,
ACSL1 is critical for the synthesis of arachidonoyl-CoA in
macrophages (73) and was inferred to prefer linoleate in the
heart (74). Studies performed in different cell lines also reveal
disparate effects of ACSL4 deficiency on arachidonic acid
metabolism for phospholipid synthesis and prostaglandin
secretion. In 3Y1 and HSC cells, siRNA-mediated knockdown
of ACSL4 reduces the incorporation of arachidonic acid into
phosphatidylcholine and dramatically decreases the secretion
of prostaglandins, but in INS cells, the deficiency of ACSL4 has
no effect on the incorporation of arachidonic acid into PC.
Instead, the knockdown of ACSL4 in INS cells results in
increased unesterified epoxyeicosatrienoic acids because of
diminished activation and esterification into glycerolipids.

Most members of the closely related FATP family (also called
ACSVL for ACS very-long-chain) can use FAs of 16 –24 car-

bons (75). Because each tissue expresses several ACSL and
FATP/ACSVL isoforms, the location of the isoform might
direct a particular chain length FA into a specific pathway.
Although not experimentally demonstrated, products synthe-
sized by the same acyltransferase, but that differ in FA compo-
sition, suggest that a specific ACSL isoform must provide the
esterifying enzyme with larger amounts of specific acyl-CoA
substrates. Such products include the overwhelming predomi-
nance of cholesteryl oleate in liver and LDL (76) and the pre-
dominance of cholesteryl adrenate (22:4�6) and cholesteryl
arachidonate (20:4 �6) in rat adrenal cortex (77). Because the
substrate preference of ACAT1, which is present in rat adrenal
cortex (76), is oleate, whereas ACAT2 esterifies 18:1, 20:5, and
22:5 equally (78), the composition of tissue cholesteryl esters
seems more aligned with the ACSL isoforms than the ACAT
isoforms present in each tissue. Similarly, 77% of cardiolipin
species in heart and skeletal muscle, in which ACSL1 contrib-
utes more than 90% of total ACSL activity, are tetra-18:2 (79),
whereas tetralinoleoyl-cardiolipin is �50% of the cardiolipin
species in liver (69), a tissue in which ACSL1 is responsible for
only about 50% of the total ACSL activity (39). In brain, where
ACSL1 is minimally expressed (55), the major cardiolipin acyl
chains are oleate and arachidonate (80).

PC biosynthesis has also been linked to ACSL3 activity; in
human hepatoma Huh7 cells, siRNA-mediated knockdown of
Acsl3 diminishes oleate incorporation into PC and reduces
VLDL secretion (81). Thus, ACSL3 may activate FAs destined
for the synthesis of the phosphatidylcholine that is essential for
VLDL secretion (81). Taken together, these findings demon-
strate that, depending upon cell type, different ACSL isoforms
activate specific FAs that can be incorporated into a variety of
glycerolipids. Furthermore, although each ACSL isoform may
have a specific substrate preference, the function of each ACSL
isoform seems to vary in different cell types.

ACSL Isoforms and Signaling Acyl-CoAs

Lipolysis-derived FAs and acyl-CoAs have been implicated
as essential intracellular signaling metabolites (82). As signaling
molecules, acyl-CoAs link the nutritional environment to tran-
scription factors capable of reorganizing cellular metabolism to
ensure an adequate response to changes in nutrient availability
and to maximize metabolic efficiency (83). For example, ACSL3
appears to promote de novo lipogenesis and storage of neutral
lipid because the siRNA knockdown of Acsl3 in primary rat
hepatocytes also diminishes the expression of PPAR�, carbohy-
drate-responsive element-binding protein, SREBP1c, and liver
X receptor � as well as the expression of the target genes of
these transcription factors (48).

Specific pools of FAs or acyl-CoAs are critical in the heart. In
hearts deficient in ATGL, the impaired release of FAs from
stored TAG results in low expression of PPAR� target genes,
inadequate FA oxidation, TAG accumulation, and heart failure
(84 – 87). Because treating mice with fibrates increased FA oxi-
dation, reduced TAG stores, and improved heart function, it
appeared that the ATGL deficiency had reduced the availability
of FAs and/or acyl-CoA ligands required to activate PPAR�;
thus, despite high levels of acyl-CoAs that partitioned into neu-
tral lipids, exogenously derived FAs were not PPAR� ligands

MINIREVIEW: Compartmentalized Acyl-CoA Metabolism

AUGUST 14, 2015 • VOLUME 290 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 20027



(86). A competing interpretation suggests that the effect of
ATGL-derived FAs on PPAR� is mediated indirectly by SIRT1
(54), but the data from both studies are consistent with tran-
scriptional signaling by distinct pools of FA and acyl-CoAs
originating from a specific endogenous source.

Mechanisms, Possibilities, and Unanswered Questions

The wide range of functions initiated by each ACSL isoform
suggests three major problems. First, the different effects
observed in cell lines of similar origin suggest that analyzing
function in the relevant primary cells would provide the most
reliable and conclusive information. Second, in addition to mis-
localizing proteins, overexpression studies can overwhelm
downstream metabolic pathways, resulting in a misleading
interpretation of function (88). For example, when ACSL1 is
overexpressed in primary hepatocytes, the protein localizes to
the ER and increases oleate re-esterification into diacylglycerol
and phospholipids (89). In contrast, the liver-specific knock-
out of ACSL1 disrupts TAG synthesis and oxidation only mildly
(39, 89). Thirdly, the disparate physiological effects observed in
different tissues when ACSL1 is absent suggest that protein-
protein interactions between ACSL isoforms and downstream
metabolic enzymes vary considerably in tissues that have spe-
cialized physiological functions. Thus, differing strongly from
the FA storage and degradation pathways affected in ACSL1-
deficient liver, adipose, skeletal muscle, or heart, ACSL1 in
macrophages predominantly mediates inflammatory effects
and channels FAs toward the synthesis of phospholipid (90, 91),
whereas ACSL1 in endothelial cells is unrelated to inflamma-
tory changes associated with dietary fat (92). Clearly, a better
understanding of the locations of each of the ACSLs and their
downstream partners is needed.

Important questions remain concerning the trafficking of
FAs and acyl-CoAs. We do not know how exogenous FAs are
transported from the cytosolic face of the plasma membrane to
ACSL isoforms that are located on intracellular membranes.
Interaction with the intracellular acyl-CoA-binding proteins or
FABP might direct FAs and acyl-CoAs to specific sites within
cells. Although directional transport by these binding proteins
has been inferred, it has not been demonstrated (93). For exam-
ple, the absence of FABP4 diminishes PPAR activation by FA
(94), and FABP4 enhances lipase activity by interacting with
hormone-sensitive lipase (HSL) to bind released FAs (95).
Although the absence of FABP and acyl-CoA-binding proteins
alters lipid metabolism, the function of these carrier proteins
may be more analogous to that of albumin in allowing FAs and
acyl-CoAs to be used by enzymes or to bind to transcription
factors in a controlled manner (96).

Although indirect data imply the existence of organized
assemblies of enzymes that metabolize acyl-CoAs, definitive
proof is absent. Newer methods, both physical and in silico,
must be sought to identify protein partners and interactions
without the potential hazards of overexpression (97–99). We
also lack any understanding of why the up-regulation of �-oxi-
dation not only increases the expression of Acsl1, but, counter-
productively, also increases the expression of thioesterases
such as Them2 and its partners (35). It is unclear as to how
protein assemblies form in response to specific nutrient or

energy signals. If proteins associate with each other or with
scaffolding proteins through the interactions of specific
domains, what then causes them to disperse? Phosphorylation
and acetylation of ACSL1 are modified hormonally on numer-
ous sites (100), but the functions of these post-translational
modifications are unknown. The answers to these questions
demand new tools to identify the movements of lipids within
cells and new methods to capture transient protein assemblies
and to manipulate them.
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Four minireviews deal with aspects of the �-ketoglutarate/
iron-dependent dioxygenases in this eighth Thematic Series on
Metals in Biology. The minireviews cover a general introduction
and synopsis of the current understanding of mechanisms of
catalysis, the roles of these dioxygenases in post-translational
protein modification and de-modification, the roles of the ten-
eleven translocation (Tet) dioxygenases in the modification of
methylated bases (5mC, T) in DNA relevant to epigenetic mech-
anisms, and the roles of the AlkB-related dioxygenases in the
repair of damaged DNA and RNA. The use of �-ketoglutarate
(alternatively termed 2-oxoglutarate) as a co-substrate in so
many oxidation reactions throughout much of nature is notable
and has surprisingly emerged from biochemical and genomic
analysis. About 60 of these enzymes are now recognized in
humans, and a number have been identified as having critical
functions.

This eighth in the Metals in Biology Thematic Series (1–7)
deals with a single metal, iron, and a specific class of oxygenases
that use it, the �-ketoglutarate/iron-dependent dioxygenases.
The general reaction stoichiometry by these enzymes is
shown in Fig. 1 and is somewhat unusual. These enzymes use
a co-substrate, �-ketoglutarate (alternatively termed 2-oxo-
glutarate), to bind to ferrous iron to activate molecular oxy-
gen. These enzymes are found throughout much of life, in
bacteria, and even in a plant virus (8) (but not likely in
Archaea). About 60 such oxygenases have been identified
in humans (9). The longest-known representatives of the �-
ketoglutarate-dependent oxygenase family are the prolyl and
lysyl hydroxylases, which catalyze post-translational hydrox-
ylation of collagen.

The reactions all use �-ketoglutarate and molecular oxygen
(O2) as co-substrates and ferrous iron as a prosthetic group,
although a few related iron-dependent oxygenases that do not
use �-ketoglutarate are known. The enzymes are normally
dioxygenases in that both atoms of molecular oxygen are stoi-
chiometrically incorporated into products. This process may
seem cryptic at first, in that one of the two oxygen atoms

appears in the product that is usually measured and is of inter-
est; the other oxygen atom is incorporated into another of the
products, succinate (Fig. 1). It should also be emphasized that
some of the initial products are unstable (e.g. carbinolamines,
which are intermediates in the removal of lysine methyl groups
and several types of nucleic acid modifications), and the reader
should follow the reactions carefully to understand the exact
processes. Some of the reactions catalyzed by �-ketoglutarate/
iron-dependent dioxygenases are analogous to those of peroxi-
dases and cytochrome P450 enzymes, the latter of which are
monooxygenases (10).

The first minireview in the Thematic Series is by Martinez
and Hausinger (11) and introduces the reactions catalyzed by
the �-ketoglutarate/iron-dependent dioxygenases. These in-
clude hydroxylation, halogenation, ring formation, desatura-
tion, and epimerization. These dioxygenases use ferrous iron in
an octahedral geometry, usually with three ligands from the
protein, usually two histidines and a carboxylate. �-Keto-
glutarate donates two more ligands, and the sixth is used for O2
binding. CO2 and succinate are formed, and the iron, now with
one oxygen bound, is in the ferryl form (FeIV�O) for catalysis.
From this point onward, the mechanism of substrate oxidation
is related to that accepted for many hemeproteins now,
generally involving hydrogen atom abstraction from the sub-
strate followed by “oxygen rebound.” Very high kinetic deu-
terium isotope effects have been reported, possibly sugges-
tive of quantum mechanical tunneling. In practice, in many
experiments with these dioxygenases, excess ferrous iron
and ascorbate are utilized, with the purpose of maintaining
the ferrous ion in the active site (there is a potential problem
with Fenton chemistry in this process, however, as my own
laboratory has pointed out (12)). Martinez and Hausinger
(11) also describe evidence for current views about interme-
diates in the dioxygenase reactions.

The second minireview in the Thematic Series is by
Markolovic, Wilkins, and Schofield (13) and deals with post-
translational protein hydroxylations catalyzed by these dioxy-
genases. Hydroxylations of lysine and proline residues are best
known, but more recently, hydroxylations of aspartate, aspara-
gine, and histidine have been described. Hydroxylation of col-
lagen proline and lysine residues has structural roles, including
collagen triple helix stabilization and an unusual reaction of a
hydroxyl group with methionine (by a peroxidase) to form a
stable sulfilimine bond (14). Furthermore, protein hydroxyl-
ation is critically involved in a regulatory role in hypoxia
using hypoxia-inducible factor � (HIF�). Another regulatory
aspect of these dioxygenases is in the N-demethylation of
methylated lysine and possibly arginine residues (other
lysine demethylases are flavoproteins, however). These
demethylations can have important roles in epigenetic reg-
ulatory processes. X-ray crystal structures of several protein
dioxygenases are now available.

The third minireview, by Hashimoto, Zhang, Vertino, and
Cheng (15), also deals with the regulatory properties of these
dioxygenases but involving DNA and epigenetic control. Roles
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for cytosine 5-methylation are well known; the modification
and removal of the methyl group are the issue here. The ten-
eleven translocation (Tet)2 dioxygenases and some glycosylases
are involved in these processes. Tet enzymes work on thymine
as well as 5-methylcytosine. A Tet homologue in flies also
removes a methyl group from N6-methyladenine. Two Tet
crystal structures are now available, one a human enzyme. A
Tet1/Tet2 double-knock-out is lethal in mice, and Tet3 is
essential in epigenetic reprogramming in oocytes, indicating
the importance of these enzymes.

The fourth minireview, by Fedeles, Singh, Delaney, Li, and
Essigmann (16), also deals with removal of extra atoms from
DNA but from the viewpoint of DNA repair: i.e. the extra atoms
derived from endogenous processes and exogenous chemicals,
which can cause miscoding and mutation. The prototypical
enzyme is the bacterial dioxygenase AlkB. AlkB not only
removes methyl groups (from nitrogen atoms of the bases) but
also more complex lesions such as the so-called etheno entities.
These actions have been shown to prevent mutation in vivo (in
bacteria) (17). Interestingly, AlkB homologues do not appear to
be present in Saccharomyces cerevisiae or Archaea. Humans
have at least nine orthologues, but only two are known to repair
DNA. The bacterial and human AlkB enzymes repair RNA as
well as DNA, and their (eukaryotic) localization in both nuclei
and cytosol may be consistent with in vivo roles for both nucleic
acids as substrates.

In summary, this class of oxygenases has a wide variety of
substrates and catalytic activities. The processes with the pro-
teins and nucleic acids appear to have particularly important
physiological relevance. Structural and spectroscopic studies
have been important in advancing this field, as well as the
involved biology.

We hope that you will enjoy reading about this interesting
group of enzymes. Another Thematic Series in Metals in Biol-
ogy has recently appeared (7), and you are directed to that.
Planning is now in progress for the next (ninth) Metals in Biol-
ogy Thematic Series.

Author Contributions—F. P. G. wrote the manuscript.
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FIGURE 1. Stoichiometry of �-ketoglutarate/iron-dependent dioxyge-
nases. R, substrate; R*O, product; *O, 18O tagging.
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Mononuclear non-heme Fe(II)- and 2-oxoglutarate (2OG)-de-
pendent oxygenases comprise a large family of enzymes that
utilize an Fe(IV)-oxo intermediate to initiate diverse oxidative
transformations with important biological roles. Here, four of
the major types of Fe(II)/2OG-dependent reactions are detailed:
hydroxylation, halogenation, ring formation, and desaturation.
In addition, an atypical epimerization reaction is described.
Studies identifying several key intermediates in catalysis are
concisely summarized, and the proposed mechanisms are ex-
plained. In addition, a variety of other transformations cata-
lyzed by selected family members are briefly described to fur-
ther highlight the chemical versatility of these enzymes.

The activation of molecular oxygen for incorporation into
organic substrates requires the reaction of O2 in its triplet spin
state with an organic substrate in a singlet spin state. Thermo-
dynamically, this reaction is favorable, but it is kinetically slow
because of the spin mismatch. To overcome the kinetic barrier
for incorporating oxygen into a biological substrate, organisms
utilize enzymes with transition metal centers (typically iron or
copper) (1–5) or organic cofactors such as flavins (6). One
extensive family of enzymes that activates O2 for incorporation
into a diverse range of primary substrates utilizes mononuclear
non-heme iron and the co-substrate 2-oxoglutarate (2OG,2
also known as �-ketoglutarate) to form the desired product(s),
succinate, and CO2 (7–9). These Fe(II)/2OG-dependent oxyge-
nases are widely distributed throughout the kingdoms of life,
with more than 60 such enzymes in humans alone (10). The
Fe(II)/2OG-dependent oxygenases catalyze a variety of oxida-
tive transformations including hydroxylation, halogenation,
ring closure, desaturation, epimerization, ring expansion, and
epoxidation reactions. Because of their rich oxidative transfor-
mation capabilities, these enzymes play important roles in
many biological processes (9) including the post-translational
modification of collagen (11), fatty acid metabolism (12, 13),

oxygen sensing (14, 15), DNA and RNA repair (16, 17), demeth-
ylations related to epigenetic regulation (18, 19), and the bio-
synthesis of many antibiotics and other secondary metabolites
(20, 21).

Crystallographic studies on numerous members of the
Fe(II)/2OG-dependent oxygenase superfamily have revealed
two conserved structural features shared among its members
(22). First, the Fe(II) is ligated by two His residues and (with the
exception of the halogenases) a carboxylate from either a Glu or
an Asp residue; this metal-binding motif is termed the 2-His-1-
carboxylate facial triad (23). Second, the 2-His-1-carboxylate
motif is located within a double-stranded �-helix (DSBH) fold,
also known as the jelly-roll, cupin, or jumonji C fold (24). The
jelly roll is composed of eight antiparallel �-strands forming a
�-sandwich structure made up of two four-stranded antiparal-
lel �-sheets (24, 25). It has been proposed that the �-strands
from the DSBH fold assist in providing selectivity for binding
the primary substrate in addition to supporting the active site
(24).

Because these enzymes catalyze a wide array of oxidative
transformations that play critical roles in biochemical pro-
cesses, the Fe(II)/2OG-dependent oxygenases have been sub-
jected to extensive mechanistic studies. Here, we focus on
experimental results obtained with a few selected representa-
tives of this enzyme family (Fig. 1) to highlight the range of
reaction mechanisms they catalyze. The archetype hydroxylase
is taurine:2OG dioxygenase (also known as taurine hydroxylase
or TauD) that converts taurine (2-aminoethanesulfonic acid) to
an intermediate that spontaneously decomposes to aminoacetal-
dehyde and sulfite (26, 27). Chlorination is illustrated by SyrB2,
acting on L-Thr that is covalently tethered via thioester linkage
to a phosphopantetheine group on SyrB1 (28). Clavaminate
synthase (CAS) is the paradigm for cyclization chemistry,
transforming proclavaminate to dihydroclavaminic acid, but
this trifunctional enzyme also catalyzes the hydroxylation of
deoxyguanidinoproclavaminic acid and desaturation of dihy-
droclavaminic acid (20). Carbapenem synthase (CarC) is used
to describe both desaturation and epimerization reactions (29,
30). Ring expansion by deacetoxycephalosporin C synthase
(DAOCS) (31, 32), epoxidation by hyoscyamine 6�-hydroxy-
lase (H6H) (33), and endoperoxide formation by FtmOx1 acting
on fumitremorgin B (34) are also briefly described.

Hydroxylation: The Consensus Mechanism

The most well studied and established reactivity of the Fe(II)/
2OG oxygenases is substrate hydroxylation, typically at an
unactivated carbon center. This chemistry is used to modify
selected structural proteins, derivatize proteins involved in the
hypoxic response, repair alkylation damage to DNA, remove
methylation marks involved in epigenetic regulation, degrade
environmental substances, and synthesize a wide variety of cel-
lular metabolites (9). In cases where the carbon undergoing
hydroxylation is bound to a heteroatom, the initially formed
product may spontaneously degrade further as illustrated
below and by the reactions of demethylases.

* This work was supported by National Institutes of Health Grant GM063584
(to R. P. H.).This is the first article in the Thematic Minireview series “Metals
in Biology: �-Ketoglutarate/Iron-dependent Dioxygenases.” The authors
declare that they have no conflicts of interest with the contents of this
article.
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FIGURE 1. Examples of the diverse reactions catalyzed by Fe(II)/2OG oxygenases. The four major types of oxidative reactions are highlighted using
representative enzymes as emphasized in the text, with several other types of Fe(II)/2OG-dependent chemistry only briefly discussed. A, the reaction of TauD
(green highlight), a representative hydroxylase; the initial product of taurine hydroxylation is unstable and spontaneously decomposes as shown. B, the reaction
catalyzed by SyrB2 (gray highlight), a model halogenase. The primary substrate of this enzyme is L-Thr in thioester linkage to a phosphopantetheine group
bound to the SyrB1 protein. C, the trifunctional enzyme CAS; in addition to its oxidative ring-forming reaction (highlighted in blue), this enzyme also catalyzes
hydroxylation and desaturation reactions. D, reactions of CarC, illustrating both desaturation (highlighted in pink) and epimerization (highlighted in purple). E,
ring expansion reaction catalyzed by DAOCS. R � �-(L-�-aminopropyl). F, sequential hydroxylation and epoxidation reactions of H6H. G, formation of an
endoperoxide by FtmOx1. See text for definition of the abbreviations.
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In a remarkably prescient proposal published in 1982,
Hanauske-Abel and Günzler (35) theorized a mechanism
involving a metallocenter bound on one face by three protein
side chains and used to form a high valent iron:oxygen atom
intermediate. Since then a wealth of experimental evidence has

allowed refinement of this model, yielding the consensus mech-
anism shown by the green cycle in Fig. 2. Catalysis initiates with
Fe(II) coordinated to the 2-His-1-carboxylate facial triad (23),
with three additional coordination sites occupied by water mol-
ecules (Fig. 2A). 2OG binds to the Fe(II) center in a bidentate

FIGURE 2. Proposed mechanism of hydroxylation by Fe(II)/2OG oxygenases. Top, the structure of the archetype hydroxylase within this enzyme family,
TauD, is depicted as a graphic (red, � helices; yellow, � strands, and green, loops) with 2OG and the coordinating side chains in stick mode and Fe as a sphere to
illustrate the position of the metallocenter relative to the double-stranded �-helix fold (Protein Data Bank (PDB) access code 1GY9) (40). Bottom, an expanded
view of the Fe(II)/2OG metallocenter surrounded by species that are proposed to be formed during the enzymatic mechanism. The green cycle illustrates the
consensus view of the reaction, whereas the yellow arc depicts an alternative proposal for the final steps in the reaction. See text for details.
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configuration, with its keto group opposite the Asp/Glu and its
carboxylate opposite one of the His residues, thus displacing
two metal-bound water molecules (Fig. 2B). Upon binding of
the primary substrate to the enzyme active site (not, however,
to the metal ion), the third metal-bound water is displaced (Fig.
2C). This substrate-triggered process creates a site for binding
an O2 molecule, generating an Fe(III)-superoxo intermediate
(Fig. 2D). The distal oxygen atom of the Fe(III)-superoxo spe-
cies attacks C2 of 2OG to yield a peroxohemiketal bicyclic
intermediate (Fig. 2E). This species initiates the oxidative
decarboxylation of 2OG to release CO2 and yield, perhaps via
an Fe(II)-peracid intermediate (36) (not shown), an Fe(IV)-oxo
species (known as the ferryl intermediate) with bound succi-
nate (Fig. 2F). The ferryl species abstracts a hydrogen atom
from the primary substrate to generate Fe(III)-OH and a sub-
strate radical (Fig. 2G). In the conventional mechanism,
hydroxyl radical rebound yields the hydroxylated product (Fig.
2H), and this product dissociates to complete the catalytic cycle
(7, 37, 38). An alternative pathway (the yellow arc of Fig. 2)
depicts deprotonation of the Fe(III)-OH to yield an Fe(III)-oxo
intermediate (Fig. 2I), followed by the formation of an Fe(II)-
alkoxo (Fig. 2J) and dissociation to products (39).

An extensive set of structural and spectroscopic studies pro-
vides experimental support for the identity of most key inter-
mediates in the hydroxylation mechanism proposed above.
Crystal structures directly reveal the facial triads and Fe(II)
coordination environments of various family members in the
states corresponding to those shown in Fig. 2, A–C. For exam-
ple, the structure of anaerobic Escherichia coli TauD with 2OG
and taurine exhibits the three amino acid ligands, the bidentate
binding of 2OG, and an open Fe(II) coordination site facing C1
of the sulfonate substrate (40). The UV-visible spectrum of
TauD is colorless, whereas the enzyme with bound 2OG exhib-
its a metal-to-ligand charge-transfer band at 530 nm (�530 �
140 –240 M�1 cm�1) that shifts to 520 nm (�520 � 180 –270 M�1

cm�1) upon the addition of taurine (41). This substrate-in-
duced perturbation is due to a change from 6-coordinate to
5-coordinate geometry of the Fe(II), as shown by resonance
Raman studies of TauD in comparison with model compounds;
a 10-cm�1 upshift of features at 460 and 1,686 cm�1 upon tau-
rine binding corresponds to loss of a ligand by an octahedral site
(42). Furthermore, CD and magnetic circular dichroism (MCD)
studies of TauD confirm the decrease in coordination number
when taurine binds (43).

Analysis of short-lived reaction intermediates that occur
after oxygen addition requires the use of transient methods.
Even with such approaches, the presumed Fe(III)-superoxo,
bicyclic, and Fe(III)-OH species (Fig. 2, D, E, and G) are kineti-
cally inaccessible and have not been observed. Stopped-flow
UV-visible spectroscopy provides evidence for the ferryl inter-
mediate, absorbing at 320 nm, which forms with a second-order
rate constant of 1.5 � 105 M�1 s�1 and decomposes with a
first-order rate constant of 13 s�1 at 5 °C (44). Rapid freeze-
quench Mössbauer spectroscopy along with cryoreduction fol-
lowed by EPR spectroscopy provides evidence for a high-spin
(s � 2) intermediate having a quadrupole doublet with an iso-
mer shift of 0.30 mm s�1 and a quadrupole splitting parameter
of 0.88 mm s�1 consistent with an Fe(IV) oxidation state (44).

Similar Mössbauer spectroscopy studies of prolyl-4-hydroxy-
lase also indicated the formation of a high-spin intermediate
(45). Fe K-edge extended x-ray absorption fine structure spec-
troscopy reveals an Fe-O distance of 1.62 Å, consistent with
Fe(IV)-oxo scattering (46). Furthermore, cryogenic continu-
ous-flow resonance Raman spectroscopy shows an Fe-O
stretching mode at 825 cm�1 when using unlabeled O2 and at
788 cm�1 when using labeled 18O2, again indicating a ferryl
species (47). Evidence that the ferryl intermediate is responsible
for the cleavage of the unactivated C-H bond by abstraction of
the hydrogen atom came from single turnover stopped-flow
and rapid freeze-quench Mössbauer studies using 2H-labeled
taurine substrate (48). Use of the 2H-labeled taurine substrate
resulted in a large kinetic isotope effect of �50, demonstrating
that the ferryl intermediate is responsible for the H-atom
abstraction from C1 of the substrate (48). Similarly, a large 2H
kinetic isotope effect of �60 was measured for prolyl-4-hydrox-
ylase when using a 2H-substituted substrate (45).

The stopped-flow UV-visible studies of TauD are consistent
with rapid conversion of the ferryl species to a high-spin Fe(II)
intermediate identified as the Fe(II)-product complex (44). In
contrast to the ferryl intermediate, this complex shows no dis-
tinct absorption in its spectrum. Comparison of the rate con-
stant for formation of this species with the steady-state kinetics
parameters for TauD demonstrates that the release of product
is the rate-determining step of the reaction (44).

An extended version of the catalytic cycle was proposed on
the basis of time-resolved, cryogenic, continuous-flow reso-
nance Raman spectroscopic studies of TauD (39). That work
resulted in the tentative identification of two additional inter-
mediates following the ferryl intermediate. One species exhib-
its an 16O/18O vibrational mode at 578/555 cm�1 and is
assigned to an Fe(III)-oxo species, requiring transfer of the
Fe(III)-OH proton to a nearby base (39). This ferric species, in
turn, is followed by one giving rise to a 16O/18O vibrational
mode at 815/787 cm�1 and provisionally assigned to an Fe(II)-
alkoxo species (39). These two species have not been observed
by others studying TauD, raising the possibility that they may
only be detected at ��35 °C when using cryosolvent. Experi-
mental studies with other members of the enzyme family have
thus far not provided evidence for these species; notably, how-
ever, computational studies of the 2OG-dependent DNA repair
enzyme AlkB are compatible with the formation of such inter-
mediates (49).

Halogenation

A subset of the Fe(II)/2OG-dependent oxygenase family is
able to install a halogen atom, Cl� or Br�, on unactivated car-
bon centers. These enzymes are found in the biosynthetic path-
ways of various natural products possessing antifungal, antimi-
crobial, anticancer, antiviral, or anti-inflammatory properties
(50 –52). Most, but not all (53), of these enzymes halogenate
substrates that are tethered to a phosphopantetheine moiety in
the thiolation domain of a carrier protein (28, 54 –57). One
example, the first of the Fe(II)/2OG halogenases to be reported,
is SyrB2 from Pseudomonas syringae B301D, which chlorinates
L-Thr tethered to SyrB1 (Fig. 1B). Sequence analyses and struc-
tural studies reveal a significant difference in the active sites of
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these enzymes when compared with other family members; the
Fe(II) is coordinated by two His residues and a chloride ion,
with the typical carboxylate ligand (Asp or Glu) being replaced
by an Ala residue (58, 59).

The catalytic mechanism proposed for the Fe(II)/2OG-de-
pendent halogenases (58) closely parallels that of the hydroxy-

lases. The early steps in the reaction sequences are identical,
except that chloride replaces the Asp/Glu ligand to the metal
(Fig. 3A, left), until generating the ferryl intermediate, now
called a haloferryl species. The haloferryl species abstracts a
hydrogen atom from the primary substrate to form a substrate
radical plus a cis-halohydroxo-ferric species, and the halogen
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atom reacts with the substrate radical to yield the halogenated
product and complete the catalytic cycle (Fig. 3A, right) (38, 58,
60).

Support for the proposed halogenase intermediates is
derived from studies analogous to those used for characterizing
the key intermediates in the hydroxylation reaction mecha-
nism. Stopped-flow UV-visible kinetics and freeze-quench
Mössbauer spectroscopy provide evidence for high-spin (s � 2)
Fe(IV) species with absorption at 320 nm (61). Significantly,
extended x-ray absorption fine structure studies provide evi-
dence for the formation of the haloferryl intermediate, with
Fe-O and Fe-halogen distances of 1.66 and 2.43 Å, respectively
(62).

Similar to other Fe(II)/2OG-dependent oxygenases, the
halogenases also exhibit substrate triggering in which the bind-
ing of substrates accelerates the reaction with molecular oxy-
gen (7, 63). For example, the rate of SyrB2’s reactivity with O2 is
enhanced 8,000-fold in the presence of the tethered L-Thr sub-
strate when compared with the rate with the free amino acid
(64). In addition, the halogen also plays a key role in the activa-
tion of O2 by the Fe(II) cofactor in another halogenase, HtcB
(65). In contrast to other halogenases and oxygenases in gen-
eral, where the binding of the primary substrate induces a
change in the geometry of the active site from 6-coordinate to
5-coordinate resulting from water molecule displacement,
HtcB remains 6-coordinate in the presence of 2OG and its pri-
mary substrate. The change in coordination from six to five is
only observed when the chloride atom binds to the active site
(65).

One of the most intriguing questions about the mechanism
of the halogenases is the selectivity for halogenation rather than
hydroxylation. For SyrB2, the positioning of the primary sub-
strate in relation to the metal center is critical for determining
the relative extents of halogenation and hydroxylation (66).
Tethered substrates were investigated using modified side
chains, including L-2-aminobutyric acid (a 4-carbon compound
like L-Thr, but lacking the hydroxyl moiety on C3) and L-nor-
valine (a 5-carbon species with an extra methylene group and
also lacking hydroxylation at C3). The halogenase shows barely
detectable hydroxylase activity with its native substrate,
approximately equivalent halogenase and hydroxylase activi-
ties with the L-2-aminobutyric acid adduct, and primarily hy-
droxylation activity toward the tethered L-norvaline at position
C5 with minor halogenation activity at C4 (66). Density func-
tional theory applied to SyBr2 with its native and non-native
tethered substrates shows that the phosphopantetheine moiety
of the carrier protein also has an influence on the positioning of

the substrate in the active site, ultimately dictating the haloge-
nation versus hydroxylation activity (67).

Of additional interest, SyrB2 exhibits unprecedented reactiv-
ity involving the installation of functional groups other than
halogens or hydroxyl groups at unactivated C-H centers. In
particular, SyrB2 performs azidation and nitration of tethered
L-2-aminobutyrate substrate, using azide and nitrite, respec-
tively (68). On the basis of kinetic and spectroscopic results, a
ferryl intermediate is proposed to be responsible for these
transformations, similar to the halogenation and hydroxylation
transformations (68).

Ring Formation

A third mechanism associated with the Fe(II)/2OG-depen-
dent oxygenases is oxidative ring cyclization, as epitomized by
CAS from Streptomyces clavuligerus (Fig. 1C). This oxygenase
shares the common metal-binding 2-His-1-Glu motif within
the DSBH fold (69). The crystal structure of CAS in complex
with 2OG reveals that it binds to the active site in a bidentate
mode, displacing two of the metal-bound waters analogous to
other characterized oxygenases (69). UV-visible absorption,
CD, low-temperature MCD, and variable-temperature/vari-
able-field MCD allowed Solomon and co-workers (70) to elec-
tronically characterize the enzyme and demonstrate the 6-co-
ordinate to 5-coordinate transition upon binding of the
primary substrate. On the basis of spectroscopic studies, kinetic
analyses, and structural characterization, the oxidative ring-
forming transformation is proposed to proceed through a ferryl
intermediate (69, 70).

A still unresolved mechanistic question about the oxidative
transformation is the sequence of steps taking place after gen-
erating the ferryl intermediate. Hydrogen atom abstraction
from either of the two sites to be coupled, the C4� carbon or the
C3 hydroxide of proclavaminic acid (Fig. 3B), is chemically rea-
sonable. For example, abstraction of a hydrogen atom from the
proS position of the C4� carbon would yield a substrate radical
species and Fe(III)-OH. In one scenario, the Fe(III)-OH could
abstract a hydrogen atom from the substrate hydroxyl group
(Fig. 3B, red arrows in path a), allowing for direct cyclization;
however, the ferric species is only a weak oxidant and may not
be capable of catalyzing this reaction. In a more likely option,
the carbon-centered radical could transfer an electron to the
metallocenter (Fig. 3B, cyan arrows in path b), with the result-
ing carbocation reacting with the substrate hydroxyl group (69,
71). Doubt is cast on both of these options by the structure of
the CAS�2OG�proclavaminic acid complex, which provides a
lengthy 5.4 Å distance between Fe and the C4� carbon (69). An

FIGURE 3. Proposed mechanisms for halogenation, ring-cyclization, and desaturation reactions by Fe(II)/2OG oxygenases. A, halogenases within this
family possess a 2-His-1-Cl facial triad that binds 2OG in the same manner as the hydroxylases (PDB access code 2FCT) (58). Chlorination occurs via haloferryl
abstraction of a substrate hydrogen atom followed by recombination with the chloride atom (gray highlight). B, three potential mechanisms for oxidative
cyclization are illustrated with CAS (blue highlight). In path a (red arrows), the ferryl intermediate abstracts a hydrogen atom from C4� of substrate, the resulting
Fe(III)-OH abstracts a hydrogen atom from the C3 hydroxyl group, and radical coupling closes the ring. In path b (cyan arrows), the ferryl intermediate again
abstracts the C4� hydrogen atom, electron transfer to the metallocenter creates a substrate carbocation, and hydroxyl anion attack completes the reaction. In
path c (purple arrows), the ferryl intermediate abstracts a hydrogen atom from the C3 hydroxyl group, radical cleavage of the substrate yields aminopropanal
and a carbon-centered radical that rearranges as shown, and cycloaddition provides the product. C, three possible desaturation mechanisms are illustrated for
CarC (pink highlight). Path a (cyan arrows) depicts sequential hydrogen atom abstractions by ferryl and Fe(III)-OH intermediates with subsequent radical
coupling. Path b (red arrows) shows hydroxyl radical rebound as found in the hydroxylases with subsequent elimination of hydroxide and rearrangement to
form product. Path c (purple arrows) includes electron transfer from the substrate radical to the Fe(III)-OH, forming a carbocation that rearranges to the product.
D, the epimerization mechanism proposed for CarC (purple highlight).
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alternative mechanism (Fig. 3B, purple arrows in path c) was
proposed by Borowski et al. (72) involving hydrogen atom
abstraction from the substrate hydroxyl group, located only
4.2 Å from the metallocenter. The authors applied classical
molecular dynamics simulations, potential mean force com-
putations, and B3LYP calculations on a CAS�Fe(IV)-oxo�
succinate�proclavaminic acid complex, leading to the sugges-
tion of radical cleavage of the substrate to 3-aminopropanal and
a C2 radical species, with subsequent formation of an azome-
thine ylide and dipolar cycloaddition to yield the cyclic product
(72). Additional studies are needed to clarify the cyclization
mechanism for this and other Fe(II)/2OG-dependent oxyge-
nases (including the epoxidation reaction described under
“Other Reactions,” below).

Desaturation

Desaturation reactions are catalyzed by Fe(II)/2OG-depen-
dent oxygenases involved in a variety of flavonoid, gibberellin,
and antibiotic reaction pathways (9). To illustrate a desatura-
tion reaction, we highlight CarC from Pectobacterium caroto-
vorum (formerly Erwinia carotovora) that converts (3S,5R)-car-
bapenam to (5R)-carbapenem (Fig. 1D, right). This enzyme also
catalyzes the preceding epimerization reaction as described in
the following section. Some studies of CarC have considered
the two reactions as being coupled (30, 73), in which case a
tyrosyl radical formed during the epimerization reaction could
be used to generate a carbon-centered radical on the substrate.
Alternatively, however, a ferryl intermediate could directly
abstract a hydrogen atom of (3S,5R)-carbapenam in an uncou-
pled reaction.

Several potential pathways for 1,2-dehydrogenation, all initi-
ated by a ferryl intermediate, were enumerated recently by Bol-
linger et al. (74), three of which are described here (Fig. 3C). In
one proposal (Fig. 3C, cyan arrows in path a), the Fe(III)-OH
species (resulting from the hydrogen atom transfer) abstracts a
second hydrogen atom from the substrate to yield Fe(II)-H2O,
with the two radicals coupling to form the desaturation prod-
uct. Unfortunately, this mechanism again suffers from the weak
oxidant capacity of Fe(III)-OH. A second mechanism invokes
hydroxyl radical rebound, elimination of hydroxide anion, and
tautomerization to form the product (Fig. 3C, red arrows in
path b). Finally, one can consider electron transfer from the
carbon-centered radical to the metallocenter with subsequent
rearrangement of the cation to form product (Fig. 3C, purple
arrows in path c). The latter two reactions both incorporate the
adjacent N atom into the mechanism. Of interest, substrates
undergoing 1,2-dehydrogenation by Fe(II)/2OG-dependent
oxygenases (including CAS, Fig. 1C) (20) all possess a het-
eroatom adjacent to the aliphatic C–C bond of interest.
Additional experimental efforts are needed to further dissect
these mechanisms.

Epimerization

CarC catalyzes the epimerization of (3S,5S)-carbapenam to
(3S,5R)-carbapenam (Fig. 1D, left) in addition to the desatura-
tion reaction discussed above (20). Epimerization, unusual
among the Fe(II)/2OG oxygenases, is redox-neutral (75), and
this unprecedented reactivity has led to intensive studies to

investigate the mechanism. For example, the crystal structure
of CarC in complex with the substrate analogue (S)-N-acetyl-
proline along with analyses from computational studies led to
several possible mechanisms for the epimerization of the C5
position involving a C5-radical intermediate and an external
H-atom donor (30, 73, 76). Analysis of the initial crystal struc-
ture identified Tyr-67, located in a loop region near the active
site and 5.7 Å away from the metal center, as a possible protein-
based H-atom donor (73). It was suggested that the ferryl inter-
mediate abstracts a hydrogen atom from C5 to form a substrate
radical and the Fe(III)-OH species, with the C5 radical then
accepting a hydrogen atom from the nearby tyrosine residue to
form to (3S,5R)-carbapenam (30).

The epimerization mechanism of CarC was subsequently
modified and elaborated by Chang et al. (77) (Fig. 3D), who
overcame major obstacles including protein and substrate
instability. They obtained the structure of the CarC�Fe(II)�
2OG�(3S,5S)-carbapenam quaternary complex that provided
essential geometric characteristics of the substrate in relation
to its orientation to the iron center. It was found that C5 is 4.4 Å
from the iron center and 4.8 Å from the hydroxyl group of
Tyr-165, the external H-atom donor. Mössbauer spectroscopy
of CarC confirmed the formation of a high-spin (s � 2) ferryl
intermediate that, in contrast to the ferryl complexes of other
oxygenases, which decay to Fe(II), converts to a high-spin
Fe(III) species (77). Stopped-flow UV-visible absorption spec-
troscopy demonstrated accumulation of a tyrosyl radical spe-
cies concurrent with ferryl species decay. Thus, the ferryl inter-
mediate of CarC is proposed to abstract a hydrogen atom from
C5 of (3S,5S)-carbapenam to form a substrate radical. Tyr-165
located on the opposite face of the iron center donates a hydro-
gen atom to the substrate radical to yield the desired epimer
product and the tyrosyl radical (77).

Other Reactions

To further showcase the versatility in reaction mechanisms
catalyzed by Fe(II)/2OG-dependent oxygenases (9), we high-
light three more examples. DAOCS from S. clavuligerus cata-
lyzes the oxidative ring expansion of penicillin N to yield
deacetoxycephalosporin C (Fig. 1E). A DAOCS�2OG�substrate
ternary complex is proposed to react with O2 to form a ferryl
intermediate that initiates the reaction (32). One hydrogen
atom is abstracted from the C2 �-methyl group of the substrate
to produce a methylene radical, which undergoes rearrange-
ment leading to ring expansion with the radical repositioned to
the ternary carbon (C3), and then desaturation completes the
reaction, perhaps by hydrogen atom transfer to the Fe(III)-OH
(20, 78). H6H is an enzyme isolated from Hyoscyamus niger
(henbane) where it participates in the synthesis of scopolamine,
a hallucinogenic tropane alkaloid. The enzyme catalyzes both a
hydroxylation and an epoxidation reaction (Fig. 1F), where the
latter step does not require intermediary formation of the al-
kene (33, 79, 80). Finally, FtmOx1 from Aspergillus fumigatus
catalyzes the conversion of fumitremorgin B to verruculogen by
creating an endoperoxide bond between two isoprene groups
(Fig. 1G), a reaction that requires two molecules of O2 (34). It
was proposed that this transformation proceeds via a ferryl
intermediate with hydrogen abstraction from the �-position of
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the alkenyl bond of the N-prenyl moiety to produce a substrate
radical (34). Molecular oxygen would then attack the substrate
radical to generate a radical species that would undergo cycli-
zation followed by hydrogen abstraction to form the verrucu-
logen product (34).

Conclusions and Perspectives

The Fe(II)/2OG-dependent oxygenase superfamily in-
cludes a remarkable set of enzymes with the ability to acti-
vate molecular oxygen for use in a wealth of important oxi-
dative transformations. All of these reactions are likely to
proceed through a common ferryl intermediate, which is also
thought to be formed in mechanistically and structurally
related enzymes. For example, variations of the mechanisms
described above are utilized by 4-hydroxyphenylpyruvate
dioxygenase and 4-hydroxymandelate synthase that use the
same substrate to form homogentisate and 4-hydroxymande-
late, respectively (81). These enzymes possess a vicinal oxygen
chelate fold that is unrelated to the DSBH fold, do not require
2OG, and carry out oxidative decarboxylation of the 2-oxo acid
moiety of the substrate to generate the ferryl intermediate that
is used in subsequent chemistry (81). Furthermore, three Fe(II)-
dependent oxygenases possess the DSBH fold, but act indepen-
dent of 2OG; isopenicillin N synthase converts the tripeptide
�-(L-�-aminoadipoyl)-L-cysteinyl-D-valine to isopenicillin N
(20, 82), 1-aminocyclopropane-1-carboxylate oxygenase cata-
lyzes the synthesis of ethylene (83), and the epoxide-forming
enzyme HppE catalyzes the formation of fosfomycin from (2S)-
hydroxypropylphosphonate (84, 85). New members of the of
Fe(II)/2OG-dependent oxygenase superfamily are certain to be
discovered, and it is likely they too will utilize a ferryl interme-
diate to catalyze their novel oxidative transformations.
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The post-translational hydroxylation of prolyl and lysyl resi-
dues, as catalyzed by 2-oxoglutarate (2OG)-dependent oxyge-
nases, was first identified in collagen biosynthesis. 2OG oxyge-
nases also catalyze prolyl and asparaginyl hydroxylation of the
hypoxia-inducible factors that play important roles in the adapt-
ive response to hypoxia. Subsequently, they have been shown to
catalyze N-demethylation (via hydroxylation) of N�-methylated
histone lysyl residues, as well as hydroxylation of multiple other
residues. Recent work has identified roles for 2OG oxygenases in
the modification of translation-associated proteins, which in some
cases appears to be conserved from microorganisms through to
humans. Here we give an overview of protein hydroxylation cata-
lyzed by 2OG oxygenases, focusing on recent discoveries.

The ferrous iron and 2-oxoglutarate (2OG)4-dependent oxy-
genases were first identified as playing roles in the post-trans-
lational modification of collagen, where they catalyze C-3 and
C-4 prolyl and C-5 lysyl hydroxylations (1–3). Subsequently,
2OG oxygenases and related enzymes have been found to have
multiple other biological roles and, at least in plants and
microbes, to catalyze a remarkably wide range of oxidative reac-
tions (4). In animals, the identified reactions catalyzed by 2OG
oxygenases are at present limited to hydroxylation (sometimes
also including sequential oxidation of the resulting alcohols
into aldehydes and acids) and demethylation of N-methylated
groups in proteins and nucleic acids, which likely occurs via

initial hydroxylation of the methyl group. Although the addi-
tion and removal of hydroxyl and methyl groups to proteins
represent small and chemically neutral post-translational mod-
ifications, they can in some cases have profound biological
effects. Indeed, several 2OG oxygenases catalyzing protein hy-
droxylation are current chemotherapeutic targets (5).

In addition to the roles associated with protein modification,
2OG oxygenases function in fatty acid metabolism, carnitine
biosynthesis, and phytanic acid catabolism, as well as in DNA
and mRNA repair, regulation, and modification (6). 2OG oxy-
genases employ a conserved mechanism in which sequential
binding of 2OG to the active site is followed by that of substrate
and then oxygen (4, 7). Oxidative decarboxylation of 2OG
yields a ferryl intermediate (FeIV�O), which reacts with the
substrate to effect 2-electron oxidation, normally hydroxyl-
ation (Fig. 1A). N-Methyl demethylation proceeds via initial
hydroxylation of the methyl group to form a hemiaminal inter-
mediate, which fragments to give formaldehyde and the dem-
ethylated product.

Extensive structural studies have revealed that the catalytic
domains of 2OG oxygenases have a conserved core fold com-
prising a distorted double-stranded �-helix (also known as a
jelly-roll, cupin, or Jumonji-C (JmjC) fold) that supports con-
served binding motifs for ferrous iron and 2OG (Fig. 1B) (8).
The iron is normally complexed by three protein residues com-
prising an HX(D/E) . . . H motif, although there are variations
on this motif, including in potential “pseudo-enzymes.” The
mode of 2OG binding involves electrostatic interactions
between the C-5 carboxylate of 2OG and a basic lysyl or arginyl
residue and normally one alcohol side chain (9). The 2OG binds
to the iron in a bidentate manner, leaving one site free for
water/oxygen binding. Substrate binding promotes release of
the water from the metal, thus promoting oxygen binding (4).
There is greater variation in the mode of substrate binding
when compared with those of Fe(II) or 2OG; substrate binding
can induce substantial conformational changes, which may be
particularly important in the case of macromolecular sub-
strates such as proteins. As yet, there are few studies on the
conformational changes involved in binding of full-length pro-
tein substrates by 2OG oxygenases; a recent study of a prokary-
otic prolyl hydroxylase in complex with its substrate illustrates
the potential for large conformational changes in both 2OG
oxygenase and substrate during binding (10). Further, most
2OG oxygenases acting on proteins have additional “non-cata-
lytic” binding domains. Thus, at least in some cases, 2OG pro-
tein hydroxylases may be best viewed as modulating protein-
protein interactions in a manner in which the catalytic
modification plays a role, but which is not necessarily a sole end
in itself.

The discovery in 2001 that hydroxylation can play physiolog-
ically relevant roles in transcriptional regulation has stimulated
work on the function of the �60 or so human 2OG oxygenases
(11–13). This work has identified new roles for these enzymes
in protein and nucleic acid modifications and revealed that they
likely play roles in all stages of protein biosynthesis in animals,
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i.e. at transcriptional, splicing, and translational levels. Protein hy-
droxylations catalyzed by human 2OG oxygenases are summa-
rized in Table 1. It should be noted that there are other examples of
protein hydroxylases beyond the scope of this review that do not
use 2OG as a substrate and that are structurally unrelated to the
2OG oxygenases (see e.g. Ref. 14). The main purpose of this mini-
review is to introduce the non-expert to the expanding role of 2OG
oxygenases, focusing on protein oxidation; where appropriate we
direct the reader to specialist reviews.

Collagen Hydroxylases

There are three types of 2OG oxygenase with roles in colla-
gen biosynthesis: the C-3 and C-4 prolyl hydroxylases and the
C-5 lysyl hydroxylases, all of which catalyze modifications of
the pro-collagen polypeptide in the endoplasmic reticulum
(1–3). C-4 prolyl hydroxylation of multiple residues in the

Y-position of Gly-X-Y motifs in collagen stabilizes the collagen
triple helical fold (15). C-3 prolyl hydroxylation is less abundant
in collagen and occurs subsequent to C-4 prolyl hydroxylation
(16). The molecular roles of collagen C-3 prolyl hydroxylation
are unclear, although it is proposed to cause local (de)stabiliza-
tion of the triple helix, thus enabling cross-linking (17). Never-
theless, it is clearly of biological importance as evidenced by
animal studies and diseases associated with a reduced level of
such hydroxylation (18). Like C-4 prolyl hydroxylation, colla-
gen C-5 lysyl hydroxylation occurs at the Y-position of Gly-X-Y
motifs (19). Lysyl hydroxylation enables glycosylation (20) and,
after further oxidation of the N�-amino group by an amine oxi-
dase, cross-linking (21, 22).

The roles of 2OG oxygenases in extracellular protein modi-
fications are likely not fully defined. Recent work has identified
a new type of cross-link involving reaction of C-5 hydroxylysine

FIGURE 1. Outline mechanism and characteristic fold of 2OG oxygenases. A, within the active site, Fe(II) (orange) is bound in an octahedral manner by an
HX(D/E) . . . H facial triad. The remaining coordination sites are initially occupied by water molecules, two of which are displaced upon binding of 2OG. Binding
of the substrate (purple) displaces the final water molecule, creating an open coordination site for oxygen (red) to bind. Oxidative decarboxylation of 2OG
generates succinate and CO2 and yields a ferryl intermediate (FeIV�O) that reacts with the substrate to form the hydroxylated product. Note that N-methyl
demethylation (shown in gray) occurs via hydroxylation of the methyl group to form a hemiaminal intermediate that subsequently collapses to yield formal-
dehyde and the demethylated product. B, view from a crystal structure of a PHD in complex with a HIF-1� fragment peptide substrate (Protein Data Bank ID:
3HQR). The core double-stranded �-helix fold (salmon) is conserved in 2OG oxygenases and consists of eight �-strands that form two anti-parallel �-sheets. The
HIF-1� peptide (purple) binds such that the side chain of Pro 564 is oriented toward the metal within the active site. A magnified view of the active site (right)
highlights residues involved in binding Fe(II) (yellow) and 2OG (light blue). Note that in this structure, N-oxalylglycine (NOG) and Mn(II) replace 2OG and Fe(II),
respectively.
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and methionine residues on adjacent proteins to give a sulfili-
mine (-S�N-) link (23). The primary role of, and apparent
selectivity for hydroxylysine in this reaction is unclear, but C-5
hydroxylation may stabilize the sulfilimine link. Overall, the
work on collagen hydroxylases is illustrative of the challenges of
functional assignment of 2OG oxygenases. The link between
the biochemical and biological roles of C-4 prolyl hydroxylation
in stabilizing the collagen triple helix is unusually clear cut; in
the case of C-3 prolyl and C-5 lysyl hydroxylation, the links
between biochemistry and biology are much less clear.

EGF-like Domain Hydroxylation

The first evidence that non-collagen/collagen-like proteins
undergo hydroxylation came with the identification of C-3 hy-
droxylation of aspartyl and asparaginyl residues in EGF-like
domains (24, 25). This work indicated that multiple proteins
might be hydroxylated including coagulation factors (VII, IX,
and X), protein C, complementation factors, thrombomodulin,
the low density lipoprotein receptor, and Notch ligands. These
hydroxylations are catalyzed by aspartyl/asparaginyl �-hydrox-
ylase (ASPH), which localizes to the endoplasmic reticulum
(26). Emerging structural results support the proposal that
ASPH (of which there are �12 human splice variants) has an
unusual active site in that it only has two protein-bound metal
ligands, as it lacks the D/E residue of the typical HX(D/E) . . . H
iron binding motif (27). The ASPH work is important in that it

revealed that a single 2OG oxygenase can catalyze the hydrox-
ylation of multiple protein substrates; such promiscuity is also
manifested by at least one other human/animal 2OG oxyge-
nase, factor inhibiting HIF (FIH) (see below). Like many of the
FIH-catalyzed hydroxylations, the role of ASPH-catalyzed hy-
droxylation is unclear. Some of the ASPH-hydroxylated aspar-
tyl residues are involved in calcium binding, although NMR
studies indicate that C-3 aspartyl hydroxylation does not sub-
stantially alter calcium binding (28). Despite an undefined bio-
chemical role for ASPH-catalyzed hydroxylation, mutations in
ASPH are associated with severe facial abnormalities (27), and
ASPH overexpression is linked to malignant transformation
and poor prognosis in human cancers (29). ASPH knock-out
mice display severe developmental phenotypes including palate
defects and syndactyly; some of this may relate to ASPH catal-
ysis in Notch-mediated signaling, although how is unclear (30).

2OG Oxygenases in Hypoxia Sensing

A breakthrough in functional assignment of the human 2OG
oxygenases, especially with respect to roles in signaling, came
with the identification of two types of 2OG oxygenase involved
in the hypoxic response (11, 12, 31–33). The hypoxic response
in animals involves up-regulation of the �-subunit of the �,�-
hypoxia-inducible transcription factor (HIF), which regulates
the expression of hundreds of genes, the precise set of which is
context-dependent (34). The intact �,�-HIF transcription fac-

TABLE 1
Human 2OG oxygenases catalyzing protein hydroxylation

* Other hydroxylation substrates for the PHDs have been reviewed elsewhere (58).
** Controversial functional assignment.
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tor binds to hypoxic response elements associated with target
genes, as first shown by work with the erythropoietin (EPO)
promoter (35). HIF target genes include those that promote
increased oxygen supply to hypoxic tissues (e.g. EPO and VEGF)
and those enabling a metabolic shift toward aerobic glycolysis
(Warburg effect), which is proposed to conserve oxygen use
(36).

2OG oxygenases play key roles in the hypoxia-sensing mech-
anism of the HIF system. In humans, three prolyl hydroxylase
domain (PHD) enzymes catalyze C-4 prolyl hydroxylation in
two regions of HIF-� isoforms: the N- and C-terminal oxygen-
dependent degradation domains (11, 12, 31, 37). This modifi-
cation substantially increases (�1000-fold) the affinity of
HIF-� for the von Hippel-Lindau protein (38), which is the
substrate-targeting component of an E3 ubiquitin ligase com-
plex, and thus increases signaling for HIF-� degradation (39,
40). HIF-� prolyl hydroxylation and degradation are highly effi-
cient, such that in normal (normoxic) cells, HIF-� is barely
detectable. As oxygen levels decrease, PHD activity decreases,
thus enabling HIF-� levels to rise and the hypoxic response to
be “switched on.” There is substantial evidence arising from
genetic and biochemical studies that the PHDs act as important
hypoxia sensors for the HIF system (41). PHD activity is some-
times limited by iron and 2OG availability, at least in an in vitro
context (42). Nonetheless, biochemical and cellular studies
indicate that PHD2 (the most important of the human PHDs) is
unusually sensitive to changes in oxygen availability, consistent
with its proposed role as a hypoxia/oxygen sensor (43– 45).

A second type of 2OG oxygenase, FIH also acts on HIF-�
subunits (32, 33). FIH catalyzes C-3 hydroxylation of an aspar-
aginyl residue in the C-terminal transactivation domain of
HIF-�, a modification that substantially reduces the otherwise
tight binding of HIF-� to the CREB-binding protein (CBP)/
p300 transcriptional co-activator proteins (13). Thus, in con-
trast to PHD-catalyzed HIF-� hydroxylation, which “makes” a
protein-protein interaction, that of FIH “breaks” a protein-pro-
tein interaction. Interestingly, isolated recombinant FIH is less
sensitive than PHD2 to oxygen availability, a property that is
reflected in the cellular activities of FIH and the PHDs, with the
former being more active under hypoxic conditions (46, 47).
Thus, the PHDs are likely more important than FIH in terms of
their hypoxia-sensing capacity; this property has, together with
the discovery of alternative substrates for FIH (see below), led
to the PHDs being the preferred target for pharmaceutical acti-
vation of HIF-mediated transcription. PHD inhibitors are cur-
rently in late stage clinical trials for the treatment of anemia via
up-regulation of EPO (48). PHD-like enzymes have been iden-
tified in early animals; in Dictyostelium discoideum (which does
not contain HIF), a PHD homologue catalyzes the C-4 prolyl
hydroxylation of the SKP1 subunit of an E3 ligase, a modifica-
tion that enables subsequent glycosylation and that is proposed
to act in a hypoxia-sensing capacity (49). The recent identifica-
tion of a PHD homologue in Pseudomonas spp. suggests pro-
karyotic origins for the animal prolyl hydroxylases (10).

2OG oxygenases are classed into subfamilies based on
sequence similarities within their double-stranded �-helix
domain (50). The PHDs are part of the same structural subfam-
ily as the collagen prolyl hydroxylases, whereas FIH is a member

of the JmjC subfamily (51). Notably, FIH was the first JmjC
protein shown to have activity as a 2OG oxygenase (33). The
distinct biochemical properties of FIH and the PHDs are
reflected in their structures (52–56). Unlike PHD2, FIH is
dimeric and binds 2OG in a different manner and in a larger
pocket than the PHDs. Conformational changes are induced in
substrate binding by both FIH and the PHDs, although current
evidence indicates that they are more profound for the PHDs.

Alternative substrates for both the PHDs and FIH have been
reported (57, 58), although in neither case has the physiological
relevance of the hydroxylation of these potential alternative
substrates been established. Here we limit description to FIH
because of the range of alternative substrates described. As sup-
ported by studies in animals and cells, FIH has been shown to
accept multiple substrates from the ankyrin repeat domain
(ARD) structural family, including Notch, transcription factors,
ion channels, and cytoskeletal ARD proteins (57). Protein anal-
ysis reveals that FIH interacts with multiple ARD proteins, not
all of which undergo hydroxylation (59, 60). In contrast to
HIF-� hydroxylation or collagen C-4 prolyl hydroxylation,
ARD hydroxylation is inefficient, ranging from 0 to 80% (61).
The role of FIH-catalyzed ARD hydroxylation is unclear; in
some cases it can stabilize the ARD fold, but the effect is much
less than, for example, that of C-4 prolyl hydroxylation on the
stability of the collagen triple helix (60). It is proposed that
competition between ARDs and HIF-� for FIH can modulate
the role of FIH in the hypoxic response (62). Because hydroxy-
lated ARDs bind less tightly to FIH than unhydroxylated ARDs,
ARD hydroxylation has the potential to enable a “memory”
effect of hypoxic events (63). Nonetheless, unlike HIF-� prolyl
and asparaginyl hydroxylations, as yet no “switch-like” roles for
ARD hydroxylation have been identified, as is the case for most
2OG oxygenase-catalyzed protein hydroxylations. From a bio-
chemical perspective, FIH-catalyzed ARD hydroxylation is
interesting not only because the canonical ARD structure must
unfold in order for FIH to catalyze hydroxylation (62), but also
because FIH can also hydroxylate histidinyl (as in tankyrase-2)
and aspartyl (as in AnkyrinR) residues in addition to its nor-
mally preferred asparaginyl residue substrates (64, 65). The
substrate scope of purified recombinant FIH is even wider (66).
Thus, FIH is a highly promiscuous oxygenase, a property likely
shared by some other 2OG oxygenases acting on proteins (see
below).

JmjC Histone Demethylases

Post-translational modifications to the tails of histone pro-
teins play central roles in the regulation of gene expression in
eukaryotes (67). Methylation of the N�-amino group of lysyl
residues, especially in the histone H3 N-terminal tail, is well
established as a regulatory mechanism. Unlike lysine N�-acety-
lation, which is transcriptionally activating, N�-methylation can
be either transcriptionally activating or repressive depending
on the context. Although the evidence for demethylation of
histones goes back decades (68), it is only relatively recently that
the enzymes which catalyze demethylation have been identified
and characterized (69 –71). The JmjC subfamily of 2OG oxyge-
nases comprises the largest identified family of lysine demeth-
ylases (KDMs) with �15 human members, but its members
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were identified after the discovery of the flavin-dependent
lysine-specific demethylases (LSDs (69)). The LSDs apparently
operate via a mechanism analogous to other flavin-dependent
oxidases, which limits their substrate scope to di- and mono-
methylated forms of N�-methylated lysyl residues. In contrast,
the JmjC KDMs work via the consensus 2OG oxygenase mech-
anism to give a hemiaminal intermediate, which likely sponta-
neously collapses to give the demethylated product and form-
aldehyde (72). Evidence for this mechanism comes from the
direct and indirect observation of formaldehyde production
and from the use of substrate analogues, some of which react
with JmjC KDMs to give stable alcohol products (73). It is nota-
ble that the JmjC KDMs can act on methyl groups attached to a
positively charged nitrogen (which must be the case for the
trimethylated state), further illustrating the catalytic potential
of 2OG oxygenases. In contrast, the LSDs are proposed to oper-
ate (at least in terms of the oxidation step) on the neutral form
of their substrates.

Protein N�-lysine methylation is a common modification,
and there is accumulating evidence that JmjC KDMs may act on
non-histone substrates (74). Although the only identified bio-
logically relevant reactions catalyzed by the JmjC KDMs are
demethylations, several studies show that they have the poten-
tial to catalyze other types of dealkylation/other reactions (73),
as is the case with some 2OG oxygenases acting on nucleic
acids. Further, likely all or near all JmjC KDMs have additional
non-catalytic domains that are of major functional relevance
(51). This is beautifully exemplified in the case of PHF8
(KDM7B), where the catalytic JmjC domain is guided to its
histone H3 dimethyl-lysine 9 (K9me2) substrate by the interac-
tion of an adjacent plant homeobox domain, which latches onto
the histone H3 K4me3 modification, as shown by crystallo-
graphic and other biophysical analyses (75). Thus, although
there is evidence that context-dependent methylation/demeth-
ylation events are important regulatory processes in transcrip-
tional regulation, it also seems likely that the kinetics of the
non-covalent protein-protein interactions play equally if not
more important roles, although these are considerably more
difficult to qualify in a cellular context. Indeed, the lack of meth-
ods for qualitatively analyzing demethylation is hindering func-
tional assignments, especially of non-histone substrates. It is
also notable that some JmjC KDMs appear to lack some metal
binding moieties and are likely pseudo-enzymes.

JMJD6

The JmjC subfamily of 2OG oxygenases contains both
hydroxylases, such as FIH, as well as demethylases (51). This
dual functionality has led to some controversy in the literature
regarding functional assignment, which is well illustrated by the
case of JMJD6. JMJD6 (as it is now known) was first assigned as
having a key role in apoptosis, acting as a membrane-associated
phosphatidyl serine receptor (76, 77). However, this assign-
ment now seems unlikely to be correct; JMJD6 is a 2OG oxyge-
nase that predominantly localizes to the nucleus. JMJD6 was
then reported as a 2OG oxygenase acting on N-methylated
arginine residues in histone H3, a result that if correct repre-
sents the first biochemical evidence for direct removal of
arginyl methylation (78). However, subsequent work using

NMR and MS analysis of products formed by purified recom-
binant JMJD6 has shown JMJD6 to be a lysyl C-5 hydroxylase
(79); evidence for such activity was also present in an initial
report of JMJD6 as an arginyl demethylase (78). Conflicting
studies have continued to appear regarding the catalytic activity
of JMJD6, leading to the possibility that it has dual functionality.
Nonetheless, although we are somewhat biased, there is clear
evidence that JMJD6 acts as a lysyl C-5 hydroxylase, interest-
ingly giving the 5S- rather than the 5R- stereochemistry, and
thus contrasting with the pro-collagen lysyl hydroxylases (80)
(Fig. 2). The evidence for demethylation of N-methylated argi-
nyl residues is much weaker, and there is no evidence for JMJD6
acting as a KDM.

The situation with respect to the substrates that JMJD6 acts
on is also complex. JMJD6 can act on histones (as a hydroxylase
and, maybe as an arginyl demethylase), although whether this
activity directly regulates transcription is unclear (81). Recent
work has identified a role for JMJD6 in regulating transcrip-
tional pause release (82); this study also reported supporting
evidence for the controversial histone H4 arginyl demethyla-
tion as reported by Chang et al. (78). JMJD6 has been reported
to interact with, and at least under in vitro conditions, cata-
lyze the hydroxylation of lysyl residues in splicing-associated
proteins, as first shown by work on U2AF65 (79). This led to
the possibility that JMJD6 regulates mRNA splicing, a
hypothesis supported by work with model systems. There is
evidence that JMJD6 can regulate splicing of the VEGF
receptor, potentially in a manner regulated by hypoxia
and/or Fe(II) availability (83).

The JMJD6 story is far from complete; there is evidence that
it accepts multiple splicing-related proteins as substrates and
interacts with others it does not hydroxylate (84). Further, it
interacts with RNA (85) and can undergo auto-hydroxylation
(86), and its localization (and hence likely activity) is regulated
by oligomerization (87). Thus, like FIH, but with an even
greater level of complexity, JMJD6 appears to be promiscuous,
possibly having multiple roles, although some may be more
physiologically relevant than others. Overall, the JMJD6 story
to date illustrates the difficulty in making secure functional
assignments with oxygenases that likely have multiple roles;
such assignments require combined biochemical, cellular, and
whole animal studies.

Ribosomal Oxygenases and JmjC Hydroxylases

A growing body of work suggests that 2OG oxygenases are
widespread regulators of translation. The first evidence for this
came from the discovery of two nucleic acid oxygenases, TYW5
and ALKBH8, that catalyze hydroxylation of bases at the “wob-
ble” position of amino-acyl tRNAs: tRNAPhe and tRNAGly,
respectively (88, 89). Recent studies have built on these findings
and shown that several ribosomal proteins and translation
elongation/release factors are also 2OG oxygenase substrates.
To date, three human 2OG oxygenases: MINA53, NO66, and
OGFOD1, have been assigned as “ribosomal oxygenases”
(ROXs). MINA53 and NO66 catalyze C-3 hydroxylation of his-
tidinyl residues in Rpl27a and Rpl8, respectively (90). Like
JMJD6, they belong to the JmjC subfamily and were originally
assigned as histone demethylases acting on tri- and mono-
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methylated lysyl residues in histones H3 and H4. However, bio-
chemical and MS analyses support their assignment as protein
hydroxylases rather than demethylases (90). The side chains of
the target histidinyl residues extend into the ribosome core, and
in the case of Rpl8, toward the peptidyl transferase center.
Although the biological consequences of these hydroxylation
events remain to be defined, an effect on translation is consis-
tent with the cellular roles of MINA53 and NO66 in regulating
growth and proliferation (91, 92).

OGFOD1 catalyzes C-3 prolyl hydroxylation of RPS23, a
modification conserved in eukaryotes ranging from yeasts to
humans (93–95). The hydroxylated prolyl residue is located
within the ribosome decoding center; interestingly, hydrox-
ylation at this position has a profound effect on stop codon
recognition in yeast. Tpa1, the Saccharomyces cerevisiae
OGFOD1 homolog, catalyzes two sequential hydroxylations
on the same prolyl residue to give dihydroxyproline in
Rps23p (94); however, the functional significance of the sec-
ond hydroxylation is unclear. Further work is required to
understand the effects of OGFOD1 on protein synthesis in

human cells, as well as the extent to which these are medi-
ated by RPS23 hydroxylation.

Beyond the hydroxylation of ribosomal proteins, 2OG oxy-
genases influence translation via the hydroxylation of ribo-
some-associated proteins. The eukaryotic release factor eRF1
undergoes lysyl hydroxylation, as catalyzed by JMJD4 (96). In
contrast to JMJD6 and collagen lysyl hydroxylases, JMJD4 cat-
alyzes C-4 lysyl hydroxylation (Fig. 2). eRF1 is involved in trans-
lation termination; it recognizes stop codons as they enter the
ribosomal A site and, together with the GTPase eRF3a, triggers
release of the nascent polypeptide chain and ribosome disas-
sembly. The JMJD4-hydroxylated lysyl residue lies in a con-
served NIKS motif, essential for stop codon recognition;
JMJD4-catalyzed hydroxylation of eRF1 increases translation
termination efficiency (96).

ROXs are not only present in eukaryotes; an Escherichia coli
homologue of MINA53 and NO66, ycfD, catalyzes C-3 hydrox-
ylation of an arginyl residue in ribosomal protein L-16 (90).
L-16 is an essential component of the bacterial ribosome,
required for ribosome assembly, aminoacyl tRNA binding, and

FIGURE 2. Hydroxylations catalyzed by human 2OG oxygenases. Human 2OG oxygenases catalyze the stereoselective hydroxylation of prolyl, lysyl,
asparaginyl, aspartyl, and histidinyl residues in protein substrates; the oxygen atom incorporated into the product is shown in red. Note that the stereochem-
istry of JMJD4-catalyzed hydroxylation is unknown. C-P4Hs, collagen prolyl 4-hydroxylases; C-P3Hs, collagen prolyl 3-hydroxylases; PLODs, pro-collagen lysine
2-oxoglutarate 5-dioxygenase enzymes.
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efficient peptidyl tRNA hydrolysis (97). Depletion of the ycfD
gene in E. coli leads to growth retardation accompanied by a
reduction in global translation rate (90). Crystallographic stud-
ies reveal that ycfD is structurally similar to human JmjC pro-
teins, with a conserved jelly-roll fold as well as motifs for bind-
ing 2OG and Fe(II) (98, 99). This is interesting from an
evolutionary perspective, as it suggests that 2OG oxygenases, in
particular those that catalyze protein hydroxylation, may have
prokaryotic origins. This notion is further supported by the
discovery of a prolyl hydroxylase in Pseudomonas spp. (PPHD),
which is related to (and likely an early ancestor of) the HIF

prolyl hydroxylases (10). PPHD catalyzes prolyl hydroxylation
of the translation elongation factor EF-Tu. Although the func-
tional effect of hydroxylation has yet to be determined, this
work provides evidence to support a conserved role for 2OG
oxygenases in translational regulation.

Taken together, these data suggest that the cellular protein
biosynthesis machinery is a common target for 2OG oxyge-
nase-catalyzed hydroxylation. Further functional characteriza-
tion of the human ROXs will be essential to fully understand
their effects on translation and how these relate to their roles in
cellular growth, proliferation, and cancer.

FIGURE 3. 2OG oxygenases involved in protein synthesis. 2OG oxygenases catalyze hydroxylation and demethylation reactions that regulate transcrip-
tional, post-transcriptional, translational, and post-translational processes. The names of enzymes that catalyze hydroxylation are in bold. ALKBH, alkylated DNA
repair protein alkB homolog; TET1–3, ten-eleven translocation 1–3; FTO, fat mass- and obesity-associated protein; TYW5, tRNA wybutosine-synthesizing protein
5; C-P4Hs, collagen prolyl 4-hydroxylases; C-P3Hs, collagen prolyl 3-hydroxylases; PLODs, pro-collagen lysine 2-oxoglutarate 5-dioxygenase enzymes; P4HTM,
transmembrane prolyl 4-hydroxylase.
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Summary and Future Perspectives

The past 15 years have seen major advances in our under-
standing of the extent of 2OG oxygenase-catalyzed modifica-
tions to proteins. We now know that such modifications are
likely common in all eukaryotes and in many prokaryotes, but
not archaea. 2OG oxygenase-catalyzed post-translational mod-
ifications to proteins, along with related modifications to
nucleic acids, are involved in all stages of protein biosynthesis in
animals (Fig. 3). Although controversies remain and much
work is still to be done, one can start to envisage how combined
biochemical and cellular approaches will lead to the assignment
of molecular functions for all human 2OG oxygenases, i.e.
defining the reactions they catalyze and the substrate(s) that
they accept. However, for only a few of the identified modifica-
tions are the cellular roles linked to physiology. Notably, these
include the pioneering discoveries of collagen C-4 prolyl hy-
droxylation, HIF-� prolyl hydroxylation, and in some cases, his-
tone demethylation. Future work, guided by genetic analyses,
can now be focused on this objective.
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One of the most fundamental questions in the control of
gene expression in mammals is how the patterns of epigenetic
modifications of DNA are generated, recognized, and erased.
This includes covalent cytosine methylation of DNA and its
associated oxidation states. An array of AdoMet-dependent
methyltransferases, Fe(II)- and �-ketoglutarate-dependent
dioxygenases, base excision glycosylases, and sequence-specific
transcription factors is responsible for changing, maintaining,
and interpreting the modification status of specific regions of
chromatin. This review focuses on recent developments in char-
acterizing the functional and structural links between the mod-
ification status of two DNA bases 5-methylcytosine and thymine
(5-methyluracil).

In the DNA of higher organisms, cytosine exists in several
chemical forms, including unmodified cytosine (C), 5-methyl-
cytosine (5mC),2 5-hydroxymethylcytosine (5hmC), 5-formyl-
cytosine (5fC), and 5-carboxylcytosine (5caC) (1–5). These
forms are genetically equivalent in terms of base-pairing and
protein-coding, but differ in how they interact with macromol-
ecules and influence gene expression. There is much interest in
the effects of these modifications in epigenetic regulation,
in development and differentiation, in neuron function, and in
diseases. In general, the modifications (or “marks”) are added to
cytosine in situ, following its incorporation into DNA in the

unmodified form. DNA methyltransferases (Dnmt) convert
certain cytosines to 5mC, usually within the sequence context
CpG (6, 7) or CpA (8). A subset of these 5mC residues is then
converted to 5hmC, 5fC, and 5caC in consecutive Fe(II)- and
�-ketoglutarate-dependent oxidation reactions by the ten-
eleven translocation (Tet) dioxygenases (2– 4). The Tet dioxy-
genases are widely distributed across the eukaryotic tree of life,
from mammals to the amoeboflagellate Naegleria gruberi (9),
mushroom (Coprinopsis cinerea) (10), and honey bee (Apis mel-
lifera) (11). High-throughput methods for characterizing 5mC
oxidation states at single base resolution are becoming avail-
able, so our understanding of 5mC oxidation is expected to
develop rapidly. In this minireview, we focus on the mecha-
nisms of generating, recognizing, and possibly erasing 5mC and
its oxidative forms in DNA.

Tet Proteins Are 5-Methylpyrimidine Dioxygenases, but
Not Demethylating Enzymes

Chromatin regulates transcriptional processes through post-
synthetic modifications of both of its components: DNA and
histones (Fig. 1a). Much remains to be learned about how the
combination of these modifications (or lack thereof) facilitates
or silences transcription. One broad theme has emerged that a
web of interactions tightly coordinates the modification of a
segment of DNA and its associated histones, affecting local
chromatin structure and determining the functional states. The
Tet enzymes belong to a family of Fe(II)- and �-ketoglutarate-
dependent dioxygenases that also includes the Jumonji do-
main-containing histone lysine demethylases, the N-methyl
nucleic acid demethylase including Escherichia coli AlkB and its
mammalian homologs, and many others. To comprehend the
unique features of Tet-driven reaction products, we first briefly
review the mechanisms of other dioxygenases considered as
demethylases of amino (N)-methylation. The N-demethylation
reaction catalyzed by most of these enzymes involves the tran-
sient formation of a N-hydroxymethyl intermediate followed by
the spontaneous (non-enzymatic) release of formaldehyde.

In the case of protein lysine demethylation, the FAD-
dependent amino oxidases LSD1/2 and Fe(II)- and �-ketoglu-
tarate-dependent Jumonji dioxygenases (12) generate a hy-
droxymethyl intermediate for each reaction that subsequently
decomposes to release a formaldehyde spontaneously (without
additional enzymatic activities) and the demethylated lysine
(Fig. 1b) (with one methyl group reduced). The same basic
mechanism applies to demethylation of N-methylated nucleic
acids (e.g. N3-methylcytosine, N3-methylthymine, and N1-
methyladenine) by the AlkB family of DNA repair enzymes (13,
14) (Fig. 1c) as well as the recently described demethylation of
N6-methyladenine (N6mA) in mRNA by ALKBH5 and fat mass
and obesity-associated protein (FTO) (15, 16) (Fig. 1d). In fact,
during the search for enzymes capable of reversing methylated
lysines in histones, it was initially hypothesized that Fe(II)- and
�-ketoglutarate-dependent dioxygenases might reverse lysine
methylation via a mechanism similar to that of AlkB (17), and
the purification of JHDM1, the first identified Jumonji domain-
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containing histone demethylase, used a biochemical assay
based on the detection of formaldehyde, one of the predicted
reaction products (18).

In stark contrast, formaldehyde is not released during Tet-
mediated hydroxylation of 5-methylcytosine (Fig. 1e). Unlike
methylation/demethylation of monoamines, the main mecha-
nistic problem in methylation and demethylation of carbons is
that the C5 atom of the cytosine ring is an inert carbon. DNA
cytosine methyltransferases solve this problem by flipping the
target base into a concave active site and forming a transient
covalentadductatcytosineC6(19,20).However, the5-hydroxy-
methyl modification at C5 (5hmC) does not change the nature
of the C5-CH3 carbon-carbon bond and thus either stays as a
stable modification or is further converted to 5fC and 5caC in
consecutive Tet-mediated oxidation reactions, generating sta-
ble modifications further away from 5mC. That Tet-mediated
5hmC remains a stable mark, rather than serving as an inter-
mediate in direct demethylation, is supported by the observa-
tion that 5mC loss in the paternal genome, immediately after
fertilization during mouse development, is accompanied by
concurrent increase in 5hmC (21).

Very recently, it has been shown that Tet enzymes are also
active on thymine, generating 5-hydroxymethyluracil (5hmU)
paired with adenine that could be specifically bound by poten-
tial protein readers (22, 23) (Fig. 1f). This is distinct from
G:5hmU, the deamination product of G:5hmC. Like 5mC, thy-
mine contains a methyl group at C5, and thus the Tet-mediated
hydroxylation of 5-methyluracil (thymine) provides an oppor-
tunity to establish a pseudo-symmetric, modified CpA/TpG
dinucleotide (Fig. 1g). CpA/TpG could be considered an intrin-
sically “hemi-methylated” DNA element. Methylation at CpA
sites by Dnmt3 would then generate a “fully methylated”
mCpA/TpG dinucleotide (Fig. 1f). Indeed, the levels of mCpA/
TpG undergo dynamic changes during differentiation of the
germ line and in brain development from fetus to young adult
(24, 25). Some transcription factors recognize 5mCpG and TpG
in the same way (26) (see below). Perhaps TpG dinucleotides
are selected for when it is advantageous for a particular DNA
sequence to be treated as if it were permanently (hemi)-meth-
ylated. Further modification by Tet enzymes on both 5mC and
Twouldgenerate fullymodifiedCpA/TpGsiteswith5-hydroxy-
methyl or even 5-formyl and 5-carboxyl modification on both
5mC and T (23). Such fully modified CpA/TpG might even be
maintained during DNA replication through the combined
activity of Dnmt3 and Tet enzymes (Fig. 1g). A maintenance
methylation function has been proposed for both Dnmt3a and

Dnmt3b (27). Assuming that hemi-hydroxymethylated and
hemi-methylated sites are substrates for modification by Tet
proteins, there is also the potential for regenerating a fully mod-
ified hydroxymethylated site, recapitulating the parental DNA
state after replication (Fig. 1g).

DNA methylation patterns are reprogrammed at two distinct
stages during early vertebrate development: in the zygote and
early embryo when DNA methylation patterns contributed by
the sperm and egg are largely erased and subsequently re-estab-
lished, and again during germ cell development, giving rise to
germ cell-specific patterns that will be carried into the next
generation (21). The Tet enzymes and oxidized 5mC deriva-
tives, presumably through their role as intermediates in 5mC
turnover (see below), play a critical role in both processes.
Although Tet1 and Tet2 single knock-out mice are viable and
reproduce normally (28 –30), the majority of Tet1 and Tet2
double knock-out mice die perinatally, and female survivors
exhibit reduced fertility (31), implying some functional redun-
dancy between Tet1 and Tet2. In contrast, deletion of Tet3 leads
to neonatal lethality (32), and loss of all three Tet enzymes
restricts normal differentiation of mouse embryonic stem cells
(33). Consistent with a critical role of Tet3 in early embryonic
reprogramming, there are high levels of Tet3 and 5hmC in the
zygote (34) and conditional deletion of Tet3 in the oocyte
results in aberrant hydroxylation and delayed demethylation of
the paternal genome upon fertilization, leading to impaired
development and reduced fertility (32). It is interesting to note
that although Dnmt3a (but not Dnmt3b or Dnmt1) is expressed
in both the male and the female pronucleus of the mouse
zygote, Tet3 (but not Tet1 or Tet2) is only expressed in the male
pronucleus, as observed in an earlier study (32). Thus, Dnmt3a
and Tet3 selectively converge in the male pronucleus and coin-
cide with the replication-independent loss of 5mC and gain of
5hmC that occur in the paternal genome in the early mouse
embryo (34, 35). However, more recent work indicates that
there may also be low levels of Tet3 expressed in the female
pronucleus (36, 37), suggesting that 5mC oxidation may also
play a role in the erasure of the oocyte-specific DNA methyla-
tion in the zygote. Together, the accumulated data speak to a
role for both active (via Tet3) and passive (via DNA replication)
demethylation in the zygotes, in the early embryo, and in pri-
mordial germ cells (38).

Despite the widespread role of 5mC in the regulation of ver-
tebrate gene expression, the situation may be different for
invertebrates. For example, there is currently no evidence for
the presence of 5mC in Drosophila melanogaster (39). Never-

FIGURE 1. General methylation and demethylation in histone lysines and nucleic acids. a, examples of post-synthetic methylation of both components of
a nucleosome: DNA and histones. Major histone lysine methylation occurs at five residues on H3 (green) and one on H4 (blue), and primary enzymes responsible
for demethylation are shown. DNA modifications occur at CpG and non-CpG (i.e. CpA) dinucleotides. b, overview of protein lysine methylation by AdoMet-
dependent methyltransferases (top) and demethylation reactions catalyzed by LSD1/2 and Jumonji dioxygenases (bottom). The hydroxymethyl intermediate
(N-CH2OH) decomposes to release formaldehyde and the (one methyl group reduced) demethylated lysine. c, demethylation of N3-methylcytosine (N3mC) by
AlkB dioxygenase (involved in the direct reversal of alkylation damage) results in the production of formaldehyde and unmodified cytosine. d, model of the
mRNA N6-adenine methylation by methyltransferase-like METTL3/14 heterodimer, generating N6mA, and demethylation reaction by ALKBH5 and fat mass
and obesity-associated protein (FTO) (two of the nine human homologs of AlkB), resulting in a release of formaldehyde and unmodified adenine. e, Tet
dioxygenases convert 5mC to 5hmC, 5fC, and 5caC in three consecutive Fe(II)- and �-ketoglutarate-dependent oxidation reactions without release of form-
aldehyde. f, Tet dioxygenases convert thymine (5mU) to 5hmU, and potentially to 5fU and 5caU, without release of formaldehyde. g, Dnmt3A and Dnmt3B can
methylate the cytosine in the context of the CpA/TpG dinucleotide. Tet dioxygenases can oxidize both 5mC and T (5mU). The diagram shows the potential fate
of a single CpA/TpG site that is fully hydroxymethylated during DNA replication. After strand synthesis, the hemi-hydroxymethylated (5hmC/T) site could be
modified by Tet enzymes to become fully hydroxymethylated (top). On the other hand, the hemi-hydroxymethylated (C/5hmU) site would require two
reactions, methylation by Dnmt3 and oxidation by Tet, to become fully hydroxymethylated (bottom).
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theless, the Drosophila genome harbors a well conserved ho-
molog of the mammalian Tet gene, the function of which is
currently unknown (40). It is possible that Drosophila Tet may
oxidize other methylated bases, such as thymine in DNA or
5mC in tRNA (generated by Dnmt2 (41)) or N6mA in mRNA or
DNA. A very recent publication (100) has appeared demon-
strating that Drosophila Tet catalyzes demethylation of N6mA
in DNA both in vivo and in vitro as well as catalyzing 5mC in
vitro.

Structures of Tet Dioxygenases in Complex with
5mC DNA

Two x-ray structures are currently available for Tet enzymes:
the catalytic domain of human TET2 (42) and a Naegleria Tet-
like dioxygenase, NgTet1 (9). Like DNA methyltransferases,
Tet enzymes use a base-flipping mechanism to access 5mC.
Structurally, NgTet1 represents the core structure of the cata-
lytic domain of the mammalian Tet enzymes (Fig. 2a). Like
other structurally characterized �-ketoglutarate-dependent
dioxygenases, NgTet1 has a core double-stranded �-helix fold
that binds Fe(II) and �-ketoglutarate (Fig. 2b). Two twisted
�-sheets (a four-stranded minor sheet and an eight-stranded
major sheet) pack together with five helices on the outer surface
of the major sheet to form a three-layered structure (Fig. 2b).
The unequal number of strands of the two sheets creates the
active site located asymmetrically on the side of the molecule
where the extra strands of the major sheet are located.

There is considerable sequence conservation within the cat-
alytic core among Tet enzymes from different species (Fig. 2c).
When compared with NgTet1, mammalian Tet enzymes
(human and mouse Tet1–3) and the honey bee Tet protein have
eight insertions and one deletion scattered throughout the cat-
alytic core domain (Fig. 2c). Two zinc ion centers, each coordi-
nated by three cysteines and one histidine, bring together the
loop inserted between strands 3 and 4 to the N-terminal region,
and the three loops between strands 1 and 2, helix 2 and strand
5, and strands 6 and 7, respectively. These intramolecular
interactions likely confer stability to the molecule. Invariant
residues are involved in structural integrity, hydrophobic
core, DNA binding, base-specific interactions, and Fe(II) and
�-ketoglutarate binding.

The mammalian and honey bee Tet proteins have their cat-
alytic domains located in the C-terminal part of the proteins
with an atypical insertion of �300 residues between strands �8
and �9, which is not found in other �-ketoglutarate-dependent
dioxygenases, nor in NgTet1. The insertion separates the two
halves of the ferrous binding motif, HXD . . . H. Interestingly,
the large insertion in Tet1 shares significant sequence similarity
to the C-terminal domain of RNA polymerase II (43), suggest-
ing that it might impart a regulatory function. Additionally, in
human TET2, part of this insertion forms a fourth layer on the
outer surface of the minor sheet (Fig. 2d).

Recognition of 5mCpG and TpG and Their Oxidized
Derivatives

DNA 5mC is a major epigenetic signal that acts to regulate
chromatin structure and ultimately gene expression. The oxi-
dized derivatives, 5hmC, 5fC, and 5caC, might also act as dis-

tinct epigenetic signals. These modifications protrude into the
major groove of DNA, the primary recognition surface for pro-
teins, and change its atomic shape and pattern of electrostatic
charge. In principle, such changes can alter the way in which
proteins bind to their recognition sequences in DNA by
strengthening the interactions, weakening them, or abolishing
them altogether. This, in turn, can modulate gene expression
and control cellular metabolism and is believed to be one of the
principal mechanisms underlying epigenetic processes such as
differentiation, development, aging, and disease.

Three well characterized classes of mammalian proteins
interact with DNA in a methylation-dependent manner. Meth-
yl-binding domain proteins (MBDs) recognize fully methylated
CpG sequences in which both DNA strands contain 5mC. The
MBD domain of MeCP2 binds the symmetrical, fully methyl-
ated CpG site using two arginines; each hydrogen bonds to one
guanine (44). The two arginines are also engaged in van der
Waals contacts with the methyl group of the neighboring
5�-5mC of the same DNA strand and form two “5mC-Arg-G
triads” (Fig. 3a) to symmetrically bind the fully methylated CpG
palindromic duplex. Very recent work suggests that MeCP2
binds methylated CpA sites with similar affinity to that of fully
methylated CpG (45, 46). Likewise, the MBD domain of MBD4
binds dinucleotides containing fully methylated 5mCpG/
5mCpG and G:T mismatches occurring in the CpG context
(5mCpG/TpG) (47). In all three examples, there are two methyl
groups present symmetrically (5mCpG/5mCpG, 5mCpA/TpG,
and 5mCpG/TpG), suggesting that the MBD proteins simulta-
neously recognize the two methyl groups on opposite strands.

The SET and RING finger-associated (SRA) domain of
UHRF1 recognizes hemi-methylated CpG sequences contain-
ing 5mC in only one strand, such as those that arise during
DNA replication (48). UHRF1 binds 5hmC DNA with �10-fold
weaker affinity than 5mC DNA (49), whereas the SRA domain
of UHRF2 has a slightly stronger affinity for 5hmC DNA than
5mC DNA by a factor of �1.5 (50). Recently, it was suggested
that UHRF2 can directly and specifically bind A:5hmU (relative
to A:T) in vitro (22). The SRA domain uses a DNA recognition
mode vastly different from that of MBD and zinc finger (ZnF)
proteins (see below). Rather, the SRA domain, as a non-enzy-
matic, sequence-specific DNA-binding domain, utilizes a base-
flipping mechanism to interact with DNA, similar to that of
DNA-modifying enzymes such as DNA methyltransferases,
DNA glycosylases, and Tet dioxygenases.

Almost 20 years ago, Holliday argued that “sequences longer
than CpG would be necessary for the regulation of gene expres-
sion by methylation” (51). Indeed, the recognition of some
sequence-specific transcription factors is blocked by cytosine
methylation (for example, CCCTC-binding factor (CTCF) (52,
53)). In contrast, certain Cys2-His2 (C2H2) ZnF proteins bind
preferentially to DNA when CpG sites embedded within their
recognition sequences are methylated (54). The structures of
five ZnF domains bound to 5mC-containing DNA have been
solved, including the transcription factors Kaiso, Zfp57, Krüp-
pel-like factor 4 (Klf4), growth response protein 1 (Egr1), and
Wilms tumor protein 1 (WT1) (55–58). Kaiso recognizes either
methylated CpG dinucleotides (59) or an unmodified sequence
with a TpG in the place of 5mCpG (60). Structures of the ZnF
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FIGURE 2. Structures of the Tet enzymes. a, schematic representation of human Tet1 (hTet1) C-terminal catalytic domain and NgTet1. b, structure of
NgTet1-DNA complex (Protein Data Bank (PDB) 4LT5). The NgTet1 protein folds in a three-layered jelly-roll structure. c, sequence alignment of human TET1,
TET2, and TET3 (NP_085128.2, NP_001120680.1, and NP_001274420.1), mouse Tet1, Tet2, and Tet3 (NP_081660.1, NP_001035490.2, and NP_898961.2), honey
bee (A. mellifera) AmTet (GB52555 in BeeBase OSGv3.2), and NgTet1 (XP_002667965.1). d, structure of human TET2-DNA complex (PDB 4NM6). The secondary
structure elements are labeled according to NgTet1 structure (panel b). Note the large insertion in human TET2 between strands 8 and 9 (magenta), which is
indicated by a magenta arrow in panel c.
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FIGURE 3. A methyl-Arg-G triad forms during recognition of methyl-CpG and TpG dinucleotides in double-stranded DNA. a, MeCP2 forms two 5mC-
Arg-G triads to bind the palindromic fully methylated CpG duplex symmetrically (PDB 3C2I). b, Kaiso recognizes either a specific unmethylated DNA element
containing a TpG dinucleotide (top) or a methylated CpG dinucleotide (bottom) (PDB 4F6M and 4F6N). In both cases, a methyl-Arg-G triad is involved. c, Zfp57
uses a pair of methyl-Arg-G triads to recognize the TpG dinucleotide on the top strand and a methyl-CpG on the bottom strand (PDB 4GZN). A third
methyl-Arg-G triad recognizes the TpG on the bottom strand (not shown). d, example of transcription factor recognition sequences containing a CpA/TpG site
(taken from Ref. 93). e–i, examples of protein domains with specificity for unmodified cytosine (e), 5mC � M (f), 5hmC � H (g), 5fC � F (h), or 5caC (i). The Tet3
CXXC domain binds to an unmodified cytosine in any sequence context (94), which is distinct from the CXXC domains of MLL (95), CFP1 (96), and Dnmt1 (97),
which are restricted to unmodified CpG sites. CHTOP (chromatin target of PRMT1) binds to 5hmC (98). The modification of the CG dinucleotide (underlined) of
TGACGCAA to 5mC, 5fC, or 5caC enhances DNA binding by the basic leucine zipper protein C/EBP� (CCAAT-enhancer-binding protein �), whereas modifica-
tion to 5hmC inhibits binding of C/EBP� (99). The carboxylation of cytosine (5caC) in a CpG dinucleotide adjacent to the consensus recognition sequence
(underlined) of the basic-helix-loop-helix transcription factor proteins Tcf3/Ascl1 (CGCANNTG) enhanced binding of the heterodimer by �10-fold (64).
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domain of Kaiso revealed that Arg-511 of Kaiso interacts with
the 5mCpG and TpG dinucleotides in a similar fashion (55),
forming a methyl-Arg-G triad (26) (Fig. 3b), just like that
described above for the two MBD arginines. The triad is
maintained for TpG because the thymine methyl group is in
the equivalent position (5-carbon) to that in 5mC. Similarly,
Zfp57 uses a pair of methyl-Arg-G triads to recognize
5mCpG and TpG dinucleotides on the two strands, respec-
tively (Fig. 3c).

Klf4 shows the strongest binding to fully methylated DNA,
with slightly higher affinity (�1.5-fold) than that of the unmod-
ified DNA, and each oxidation event, from 5mC to 5hmC to 5fC
to 5caC, results in progressively weaker binding (by factors of
�2, 3, and 6, respectively) (57). Like Kaiso, the consensus-
binding sequence element for Klf4 contains either CpG,
which can be methylated, or TpG, which is intrinsically
methylated on one strand (Fig. 3d). Klf4 is one of the four
Yamanaka reprogramming factors (61), and along with the
other three (Myc, Oct4, and Sox2), all contain TpG/CpA in
their consensus recognition sequences (Fig. 3d). It may not
be a coincidence that non-CG (mainly CpA) methylation
disappears upon induced differentiation of embryonic stem
cells and is restored in induced pluripotent stem cells result-
ing from expression of the reprogramming factors (24),
which recognize CpA-containing sequences.

Both Egr1 and WT1 bind the same consensus DNA sequence
containing two CpG sites and display high affinity for the
sequence with C or 5mC but much reduced affinity when 5hmC
or 5fC was present, indicating that they differentiate primarily
between the oxidized and unoxidized 5mC, rather than meth-
ylated C from unmethylated C (58). 5caC affected the two pro-
teins differently, abolishing binding by Egr1 but not by WT1.
This difference can be ascribed to electrostatic interactions in
the binding sites. In Egr1, a negatively charged glutamate con-
flicts with the negatively charged carboxylate of 5caC, whereas
the corresponding glutamine of WT1 interacts with this group

favorably (Fig. 3i). It is interesting to note that WT1 physically
interacts with Tet2 (62, 63), either by recruiting Tet2 to its
target genes and/or by binding the products of Tet2 enzymatic
activity. Additional examples of cytosine modification-specific
effects on DNA-binding factors (including the stem cell factor
Tcf3 (64)) are shown in Fig. 3.

Active DNA Demethylation via Base Excision

Initial interest in the mammalian Tet proteins primarily cen-
tered around the hypothesis that oxidized 5mC could serve as
an intermediate in one or more DNA demethylation pathways
wherein the oxidized 5mC derivatives (5hmC, 5fC, and 5caC)
are replaced with normal cytosine. There are several mecha-
nisms by which oxidation of 5mC could mediate DNA demeth-
ylation. The first is a DNA replication-dependent passive de-
methylation (37, 65–67). The hemi-hydroxymethylated CpG site
(5hmCpG/CpG) is a poor substrate for the maintenance meth-
yltransferase Dnmt1 (49) and thus unlikely to be methylated by
Dnmt1 after replication (68). As noted above, a maintenance
methylation function has been proposed for Dnmt3a and
Dnmt3b (27) and, in vitro, the Dnmt3a-Dnmt3L and Dnmt3b-
Dnmt3L complexes have approximately equal activities on
hemi-methylated and hemi-hydroxymethylated CpG sub-
strates (49). Thus, the prospect that 5mC or 5hmC might be
restored after replication through a distinct (Dnmt1-indepen-
dent) mechanism remains a formal possibility (see Fig. 1g).

The second mechanism is an active DNA demethylation/
demodification of 5mC and its derivatives that involves DNA
glycosylases and base excision repair. Arabidopsis ROS1 and
mammalian TDG are the two DNA glycosylases currently
implicated in this process, which involves the removal of the
modified cytosine base, subsequent processing by the base exci-
sion repair machinery, and ultimately the incorporation of an
unmodified cytosine. The DNA glycosylases impart specificity
to this reaction; ROS1 excises 5mC and 5hmC but not 5fC and

FIGURE 4. DNA glycosylases involved in removing modified bases from native Watson-Crick base pairs. ROS1 excises 5mC or 5hmC from its native base
pairing with guanine; TDG excises 5fC or 5caC from base pairing with guanine; and SMUG1 excises 5hmU or 5fU from its native base pairing with an adenine.
The base excision repair pathway removes the resulting abasic site and restores the unmodified C or T status.
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5caC (69 –71), whereas TDG removes 5fC and 5caC but not
5mC and 5hmC (4, 72–74) (Fig. 4).

Arabidopsis ROS1 is a multi-domain bifunctional DNA gly-
cosylase/lyase, which excises 5mC and 5hmC as well as thymine
and 5hmU (i.e. the deamination products of 5mC and 5hmC)
when paired with a guanine, leaving an apyrimidinic site that is
subsequently incised by the lyase activity (75). ROS1 is slow in
base excision and fast in apyrimidinic lyase activity in vitro (71,
76), indicating that the recognition of pyrimidine modifications
might be a rate-limiting step or that other cofactors might be
needed to stimulate ROS1 enzymatic activity (in a manner sim-
ilar to that described for Dnmt3a activity stimulation by
Dnmt3L (77)). Mammalian DNA glycosylases that excise 5mC
or 5hmC have not been identified, but such activities have been
reported (78, 79).

Mammalian TDG excises the mismatched base from G:X
mismatches, where X is uracil, thymine, or 5hmU. These are,
respectively, the deamination products of cytosine, 5mC and
5hmC. In addition, TDG excises the Tet protein products 5fC
and 5caC when paired with a guanine, but not 5hmC or 5mC. It
is worth noting that ROS1 is inactive on G:U (71, 76, 80),
whereas TDG, although named as a thymine DNA glycosylase,
has much faster activity on G:U mismatches (74, 81). Further-
more, the structurally related E. coli mismatch uracil glyco-
sylase (eMUG) can excise 5caC and 5fC as well (74, 82). Both 5fC
and 5caC exhibit an intrabase hydrogen bond between their
formyl or carboxyl oxygen atoms, respectively, and the adjacent
cytosine N4 exocyclic amine nitrogen atom, both in the free
form (83) and in the protein-bound form (58) (Fig. 3, h and i, top
panels). It is unknown whether this intrabase hydrogen bond
contributes to the previously observed mutagenic potential of
5fC and 5caC in vivo and in vitro (84, 85). Both DNA and RNA
polymerases sometimes misincorporate adenine opposite of
the 5fC or 5caC, whereas little misincorporation is observed on
5mC- and 5hmC-containing templates. It is possible that the
tendency for mismatches to arise opposite 5fC and 5caC (but
not 5mC and 5hmC) is somehow correlated with differential
excision by TDG. It is still not clear whether the differential
excision of 5hmC versus 5fC and 5caC by TDG lies in the early
steps of intrahelical interrogation to detect the C5 modification
and the initiation of base flipping, or in the post-flipping steps
arising from differences in the active-site transition states of the
enzyme-bound complexes. It is possible that TDG/eMUG
might recognize or even promote a mismatch-like “wobble”
pair of G:5fC and G:5caC (with the aid of the intrabase hydro-
gen bond) and turn them into substrates, whereas ROS1 is sen-
sitive to pyrimidine modifications at C5 position.

In light of the recent observation that 5hmU could also be the
product of Tet-mediated thymine hydroxylation (22, 23), it is
interesting to note that SMUG1 (named after single-strand-
specific monofunctional uracil-DNA glycosylase) can excise
5hmU when mispaired with a guanine as well as paired with an
adenine (86) or 5fU in any base pair context (87). In addition,
members of the NEIL family of DNA glycosylases have been
found to bind oxidized 5mC derivatives 5hmC, 5fC, or 5caC
(88) and 5hmU (22), and partially rescue the loss of TDG in a
gene reactivation assay (89).

Perspective

Although it is well accepted that DNA methylation patterns
are replicated in a semi-conservative fashion during cell divi-
sion via the selective recognition of hemi-methylated CpG
dinucleotides at DNA replication forks, one of the unresolved
fundamental questions is how, and indeed whether, the pattern
of oxidized 5mC derivatives is similarly “inherited” at CpG and
CpA sites. Many transcription factors (e.g. Klf4 and MeCP2)
recognize consensus-binding elements, containing either CpG,
which can be methylated, or TpG (or CpA), which is intrinsi-
cally methylated on one strand and can be methylated on the
other strand and further modified on both strands. Transcrip-
tion factors may have adapted to respond to different states of
cytosine modification. These states can affect binding affinity,
and so gene activity could plausibly be controlled on a much
finer scale by these modifications than a simple “on” or “off.”
This hints, perhaps, at new levels of subtlety and versatility in
epigenetic regulatory processes.

Finally, members of base excision DNA glycosylases remove
the modified cytosine and thymine bases. ROS1/DME, TDG/
eMUG, and SMUG1 excise modified bases from “natural” base
pairs, but have little sequence specificity for the surrounding
DNA context. Another enzyme, R.PabI from Pyrococcus abyssi,
initially identified as a restriction enzyme, was recently deter-
mined to be a sequence-specific adenine DNA glycosylase (90).
It is therefore possible that modification-dependent and
sequence-specific DNA glycosylases might exist to recognize
the modification within specific sequences, similar to the family
of modification-dependent restriction endonucleases (91).
Methylpurine glycosylases (MPGs) from E. coli, Saccharomyces
cerevisiae, and human have been reported to remove normal
bases (G�A�C�T) from DNA (92). Methylpurine glycosylase
protein was recently identified as a 5hmC binder in mouse
embryonic stem cells and adult mouse brain using a DNA pull-
down approach combined with quantitative mass spectrometry
(88). Thus, not all DNA base excision glycosylases are strictly
involved in mismatch DNA repair; some actually excise modi-
fied bases with proper Watson-Crick base pairing to accom-
plish DNA demodification. Moreover, intriguing recent work
showing that the demethylation of male and female pronu-
clear DNA is unaffected by the deletion of TDG from the
zygote (36) suggests that other demethylation mechanisms
(or other DNA glycosylases) must exist downstream of Tet3-
mediated oxidation.
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The AlkB family of Fe(II)- and �-ketoglutarate-dependent
dioxygenases is a class of ubiquitous direct reversal DNA repair
enzymes that remove alkyl adducts from nucleobases by oxida-
tive dealkylation. The prototypical and homonymous family
member is an Escherichia coli “adaptive response” protein that
protects the bacterial genome against alkylation damage. AlkB
has a wide variety of substrates, including monoalkyl and exocy-
clic bridged adducts. Nine mammalian AlkB homologs exist
(ALKBH1– 8, FTO), but only a subset functions as DNA/RNA
repair enzymes. This minireview presents an overview of the
AlkB proteins including recent data on homologs, structural
features, substrate specificities, and experimental strategies for
studying DNA repair by AlkB family proteins.

AlkB Is an Escherichia coli Fe(II)/�KG-dependent
Dioxygenase That Reverses DNA Alkylation Damage

E. coli cells exposed to a low dose of a methylating agent such
as methylnitronitrosoguanidine upregulate a transcriptional
program that confers significant resistance to subsequent,
higher levels of alkylation insult. This phenomenon, discovered
in 1977 by Samson and Cairns, was coined the adaptive
response (1). At its core, the adaptive response relies on the
activity of four proteins: Ada, AlkA, AlkB, and AidB, whose
overexpression affords the observed bacterial resistance to
the deleterious effects of alkylating agents (1). Three of the four
proteins (Ada, AlkA, and AlkB) are DNA repair proteins that
combat the mutagenic and toxic effects of alkylated bases.
Although the biological functions of Ada (a methyltransferase)
and AlkA (a glycosylase) were established relatively quickly, the
function of AlkB remained mysterious until 2001, when Ara-

vind and Koonin, using sequence homology alignments, pre-
dicted that AlkB is an Fe(II)- and �-ketoglutarate (�KG)6-de-
pendent dioxygenase (2). Soon after, AlkB was established as a
prototypical oxidative dealkylation DNA repair enzyme (3–5)
that protects the bacterial genome against alkylation damage
(6 –10). AlkB uses molecular oxygen to oxidize the alkyl groups
on alkylation-damaged nucleic acid bases, such as 1-methyl-
adenine (m1A), 3-methylcytosine (m3C) (7, 8), and 1,N6-ethe-
noadenine (�A) (9, 11); the oxidized alkyl groups are subse-
quently released as aldehydes, regenerating the undamaged
bases (Fig. 1). The decade of research that followed the 2002
discovery of the enzymatic properties of AlkB (7, 8) greatly
expanded our understanding of the biological functions of the
AlkB dioxygenases. This minireview summarizes the most
salient aspects of this research.

Bacterial Homologs of the E. coli AlkB

The E. coli AlkB protein is by far the best studied enzyme in
the family. However, AlkB homologs exist in most bacteria and
almost all eukaryotes. Speaking to the remarkable versatility
and ubiquity of the AlkB proteins, even certain single-stranded
plant-infecting RNA viruses (e.g. Flexiviridae (now classified as
Alphaflexiviridae, Betaflexiviridae, and Gammaflexiviridae))
encode an AlkB homolog that can repair alkylated bases in
DNA and, preferably, RNA (12).

The majority of aerobic bacterial species express AlkB pro-
teins, which show a great diversity of substrate specificity (4, 13,
14). Given the AlkB requirement for molecular oxygen, obligate
anaerobic bacteria (e.g. Clostridium, Bacteroides, Bifidobacte-
rium) do not appear to have AlkB type proteins (4, 14). A careful
bioinformatics analysis of the homologous sequences found
four phylogenetic groups of bacterial AlkB proteins denoted
1A, 1B, 2A, and 2B (14). Group 1A proteins, which include the
E. coli AlkB, are characterized by robust oxidative dealkylation
activities and broad substrate specificities. This group includes
the Streptomyces AlkB proteins, which share 79% sequence
identity with the E. coli AlkB and have been shown to repair
both methylated and etheno lesions (14). Group 1B proteins,
primarily found in the � and � subdivisions of Proteobacteria
and in cyanobacteria, also show wide substrate preferences.
They are most closely related to the eukaryotic ALKBH2 and
ALKBH3 homologs. Group 2A proteins, often found in the �
Proteobacteria (e.g. Agrobacterium, Rickettsia, and Rhizobium),
share strong homology with the ALKBH8 proteins from ani-
mals and plants, which have been implicated in tRNA post-
transcriptional modification rather than true DNA or RNA
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repair. Finally, group 2B proteins, often found in soil bacteria
(e.g. Actinobacteria) but also in Xanthomonas and Burkhold-
eria, are most likely to show substrate specialization; some
enzymes have high activity on monoalkyl lesion, but no activity
on bridged adducts (e.g. MT-2B from Mycobacterium tubercu-
losis), whereas others are exactly the opposite (e.g. XC-2B from
Xanthomonas campestris) (14). Such specialization presumably
reflects an adaptation to a specific environmental stressor.
Additionally, unlike E. coli, many bacterial genomes contain
two or even three AlkB family proteins (14). So far, no AlkB
homologs have been found in Archaea (14).

Eukaryotic and Mammalian AlkB Homologs

Most eukaryotic cells have several AlkB homologs, with the
notable exception of Saccharomyces cerevisiae, which lacks this
class of DNA repair enzymes. Mammalian cells have nine ho-
mologs (2, 4, 15); the first eight have been denoted ALKBH1– 8,
whereas the ninth is known as FTO (fat mass and obesity-asso-
ciated) (16). Evolutionarily speaking, ALKBH5 and FTO are the
newest AlkB proteins, being found only in vertebrates (17, 18).
The other seven AlkB homologs are conserved across all meta-
zoans, including worms and fruit flies (13).

Among the nine human AlkB homologs, ALKBH2 (19 –25)
and ALKBH3 (25–29) are bona fide nuclear DNA repair
enzymes, being the only homologs that can complement the
function of E. coli AlkB in vivo (25, 30) and protect cells against
alkylation damage both in cell culture and in animal models (22,
28, 30). ALKBH1, featuring the highest sequence homology to
E. coli AlkB, can function as a mitochondrial nucleic acid
demethylase (31) but also exhibits apyrimidinic/apurinic
lyase activity (32–34). The lyase activity has also been
observed in Abh1, the Schizosaccharomyces pombe homolog,

which, however, has no demethylase activity (35). Additionally,
ALKBH1 can also demethylate H2A histone (36), an activity
more consistent with the impaired development phenotype of
the ALKBH1 KO mice (37, 38).

The remaining homologs have no known activity on DNA
substrates; instead, they demethylate RNA or proteins. Both
FTO (39 – 41), whose overexpression is closely linked to obesity
and diabetes (16, 42, 43), and ALKBH5 (44 – 48) repair primar-
ily N6-methyladenine (m6A) in RNA (Fig. 1). FTO also repairs
3-methylthymine (m3T) and 3-methyluracil (m3U) in ssDNA
(49). ALKBH8 (50 –54) is involved in the maturation of tRNA
featuring both an S-adenosylmethionine-dependent methyl-
transferase domain that methylates 5-carboxymethyluridine
(cm5U) to 5-methoxycarbonylmethyluridine (mcm5U), and a
dioxygenase domain that hydroxylates mcm5U to generate (S)-
5-methoxycarbonylhydroxymethyluridine (mchm5U), a com-
mon functional modification at the wobble position of tRNA
(51, 52). The main function of ALKBH4 seems to be actin de-
methylation (55, 56). ALKBH7, which plays a role in alkylation-
induced necrosis (57–59), is believed to act on protein sub-
strates, but their identity is not currently known. Finally, the
function and substrates of ALKBH6 remain to be established.
Although they are also members of the Fe(II)/�KG dioxygenase
superfamily, the mammalian TET (ten-eleven translocation)
proteins, which play an important role in the epigenetic repro-
gramming of the cell (60), are only distantly related to the AlkB
proteins, and they will be covered in other minireviews.

Structural Features of the AlkB Dioxygenases

Crystal structures of the E. coli AlkB (61– 64) and the human
homologs ALKBH2 (62), ALKBH3 (29), ALKBH5 (48),
ALKBH7 (59), ALKBH8 (53), and FTO (66) have provided sig-

FIGURE 1. Examples of oxidative dealkylation reactions (m3C, �A, and m6A) catalyzed by AlkB family dioxygenases and their proposed mechanisms.
HO-m3C is 3-hydroxymethylcytosine, and HO-m6A is N6-hydroxymethyladenine.
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nificant insight into the molecular mechanism of the oxidative
dealkylation catalyzed by AlkB dioxygenases. The active site of
these enzymes is contained on a characteristic double-stranded
�-helix domain, also known as a “jelly-roll” fold, consisting of
eight �-strands arranged in pairs in a helical conformation to
form the core that binds the Fe(II) and �KG cofactors using
conserved residues (61, 62) (Fig. 2A). The E. coli AlkB also con-
tains a unique 90-residue N-terminal subdomain that interacts
with the oligonucleotide substrate containing the damaged
base and covers the active site by forming a “nucleotide recog-
nition lid.” Being conformationally flexible, this lid can accom-
modate substrates of variable sizes, which can explain the
diverse substrate specificity of the enzyme (see below). How-
ever, recent data on bacterial AlkB homologs suggest that this
domain is not the only factor governing the substrate specificity
(67). The active site of AlkB contains a 3 Å-wide oxygen diffu-
sion tunnel from the protein surface to the oxygen binding site
(61). His-131, Asp-133, and His-187 of E. coli AlkB, together
with molecular oxygen (or water under anaerobic conditions)
and �KG bound in a bidentate fashion, form the octahedral
primary coordination sphere around the non-heme iron (Fig. 2,
B–D). The �KG cofactor is held in place by two salt bridge
interactions between the Arg-204, Arg-210, and the carboxy-
lates of �KG (61, 63). The octahedral coordination and the
global geometry are conserved in AlkB complexes in which
Fe(II) is replaced with Co(II) or Mn(II), but such replacement

results in closure of the oxygen diffusion tunnel, producing an
oxygen-resistant phenotype (63).

The Mechanism of AlkB-catalyzed Dealkylation

Similar to other non-heme iron dioxygenases, the AlkB-cat-
alyzed oxidative dealkylation reaction is initiated by the binding
of molecular oxygen to Fe(II) in the active site by replacing the
bound water molecule (68 –75). Cleavage of molecular oxygen
generates an Fe(IV)-oxo reactive moiety, whereas the �KG
ligand is oxidatively decarboxylated to succinate. Once CO2 is
released from the active site, the reactive Fe(IV)-oxo ligand
migrates adjacent to the target alkyl group on the nucleobase
substrate and hydroxylates the alkyl moiety (72–75). The
resulting carbinoliminium is typically unstable and dissociates
(in a spontaneous or catalyzed fashion) into an aldehyde prod-
uct and the unmodified (repaired) base.

For simple alkyl substrates, AlkB oxidizes the carbon
attached to a nucleobase nitrogen atom (i.e. ring nitrogen or
exocyclic amine). The resulting carbinoliminium species (e.g.
3-hydroxymethylcytosine from m3C (Fig. 1), or 1-hydroxy-
methyladenine from m1A) have been experimentally ob-
served in AlkB oxidation reactions performed in crystallo
(64). Specifically, the AlkB-substrate complex, together with
Fe(II) and �KG, is first crystalized under anaerobic condi-
tions. The reaction is then initiated by exposing the crystals
to air (64).

FIGURE 2. Structural aspects of E. coli AlkB protein. A, crystal structure (Protein Data Bank (PDB) 3O1P) of E. coli AlkB, featuring the jelly-roll fold, with the m1A
substrate flipped out of the DNA duplex into the active site of the enzyme. The orange sphere denotes the position of the central metal ion (here Mn(II)). B, active
site of E. coli AlkB showing the octahedral coordination around the central metal ion and the relative position of the substrates m1A and �A, shown overlaid.
The red sphere denotes a water molecule crystalized at the molecular oxygen binding site. C and D, the ethenoguanine lesions 1,N2-�G and N2,3-�G modeled in
the E. coli AlkB active site (PDB 3O1P) showing the distances between the iron-oxo moiety (red sphere of the left side of each central Fe(II)) and the exocyclic
bridge carbons). (Reproduced with permission from Chang et al. (87).
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In the case of etheno lesions (e.g. �A), the AlkB dealkylation
was proposed to involve the oxidation of the etheno bridge to an
epoxide, followed by hydrolysis of the epoxide to a glycol and
subsequent release of the dialdehyde glyoxal (Fig. 1) (9, 11). The
glycol corresponding to �A has been experimentally observed
in crystallo (64). The epoxide formation, however, has been
recently challenged in a computational study, which suggested
instead that the AlkB reaction with �A proceeds via a zwitterion
intermediate (76). Nevertheless, further experimental work is
needed to establish the identity of the reaction intermediate.

The binding affinity of E. coli AlkB to damaged DNA is influ-
enced by both the damaged base and the backbone phosphates
of the substrate (61). Residues Thr-51, Tyr-76, and Arg-161,
conserved across all eubacterial AlkB homologs, form extensive
hydrogen-bonding interactions with the backbone phosphates
(29, 61, 62). In the AlkB repair complex, the central alkylated
base is splayed out of the DNA helix; the stacking interactions
between the normal flanking bases stabilize the resulting back-
bone conformation. The flipped-out alkylated base is sand-
wiched between AlkB conserved residues Trp-69 and His-131,
whereas the DNA backbone is distorted such that the bases
flanking the flipped damaged base stack with each other (62).

Unlike E. coli AlkB, ALKBH2 promotes the flipping of the
damaged base by using an aromatic finger residue, Phe-102,
which intercalates into the duplex DNA and fills the gap left by
the flipped base (62). Moreover, although AlkB only interacts
with the lesion strand, ALKBH2 interacts with both DNA
strands, which may explain the observed differences in sub-
strate preference: ALKBH2 prefers dsDNA, whereas E. coli
AlkB prefers ssDNA or RNA (61, 62).

Substrate Specificity of AlkB Dioxygenases

In addition to the originally reported AlkB substrates, m1A
and m3C, a wide variety of modified bases are substrates for the
AlkB family proteins, including monoalkylated bases with alkyl
moieties of various sizes (Table 1) and bases featuring exocyclic
bridged adducts (Table 2). Additionally, AlkB proteins can pro-
cess both single-stranded and double-stranded substrates, and
in both DNA and RNA.

Monoalkyl DNA Lesions

Recent studies have highlighted that at least in vitro, E. coli
AlkB is able to repair all seven N-methyl adducts occurring at
the Watson-Crick base pairing interface of the four DNA bases,
specifically m1A, m6A, 1-methylguanine (m1G), N2-methyl-
guanine (m2G), m3C, N4-methylcytosine (m4C), and m3T
(Table 1) (77– 80). These findings emphasize the important role
of AlkB (and by analogy, the AlkB family enzymes) as a versatile
preserver of genomic integrity under alkylation stress (80).
Nevertheless, not all alkylated DNA bases are substrates for
AlkB repair. N-Alkylated 3-methyladenine (m3A) (25), O-alkyl-
ated O6-methylguanine (O6mG) (79), and C-alkylated 5-meth-
ylcytosine (m5C) are not processed by AlkB (79). Instead, m3A
is a substrate for glycosylases, O6mG is repaired by O6-methyl-
guanine DNA methyltransferases and m5C is oxidized by the
TET enzymes.

Interestingly, the ability of AlkB to demethylate exocyclic
DNA adducts such as m4C and m6A suggests a potential addi-

tional biological function for AlkB, besides DNA repair. Often,
the m4C and m6A modifications are not deleterious, but rather
physiological post-replicative DNA markers that control strand
discrimination, replication initiation, and even gene expression
in certain bacteria (81, 82). Furthermore, the demonstrated
chemical competence of E. coli AlkB to oxidize a wide range of
substrates has anticipated the putative substrate specificity of
other AlkB homologs (e.g. m6A in RNA is now considered the
canonical substrate for ALKBH5 and FTO), including func-
tional roles beyond DNA repair.

Although most widely appreciated as a demethylating
enzyme, E. coli AlkB also repairs higher order alkyl adducts.
Ethylated bases such as 1-ethyladenine (e1A), N2-ethylguanine
(e2G), 3-ethylcytosine (e3C), and 3-ethylthymine (e3T) are
known substrates for AlkB family proteins (25, 77, 80). Among
N2-substituted alkylguanines, the bulky furfuryl (FF) and tetra-
hydrofurfuryl (HF) lesions can also be removed by E. coli AlkB
(80).

The efficiency with which AlkB enzymes process different
N-alkyl nucleobases varies considerably, depending on both the
identity of the base and the position of the alkyl group on the
base. For the E. coli AlkB, m1A is a better substrate than m6A
(these damaged bases are regio-isomers) (83); similarly, m3C is

TABLE 1
Chemical structures of the monoalkyl substrates processed by AlkB
dioxygenases
The repair target within each base is highlighted in red. The lesion phenotype in
AlkB-deficient E. coli cells is provided in terms of % relative bypass (RB) and %
mutagenesis, as determined by the CRAB and REAP assays. Bypass efficiencies are
reported as a percentage relative to the unmodified DNA base at the lesion site.

a Very strong replication block (RB�10%), strong replication block (RB 10 –50%),
mild replication block (RB 50 –90%), not a replication block (RB�90%).

b Not mutagenic (�2%), slightly mutagenic (2–10%), mutagenic (10 –50%), very
mutagenic (�50%).

c AlkB notation refers to the E. coli protein.
d Nidhi Shrivastav, personal communication.
e Bogdan I. Fedeles, personal communication.
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a better substrate than m4C (80). When comparing two differ-
ent bases alkylated at the same position, m1A is a better AlkB
substrate than m1G both in vivo and in vitro (77, 79). Generally,
alkylated adenines and cytosines are repaired more efficiently
than alkylated guanines and thymines; alkyl groups on the ring
nitrogens are removed more efficiently than alkyl groups on the
exocyclic amines.

The preference of the AlkB enzymes toward m1A and m3C
may reflect the fact that these lesions are positively charged
under physiological pH, which is believed to help with the AlkB
recognition and binding to the damaged bases, and may also
allow a faster release of formaldehyde from the carbinoli-
minium intermediates (84). Additionally, a stabilizing hydro-
gen-bonding interaction exists between the AlkB invariant res-
idue Asp-135 and the 6-amino or 4-amino group of adenine or
cytosine, respectively (61, 63, 84). For neutral lesions, such as
m1G and m3T that contain hydrogen bond acceptors at the
equivalent position, the interaction is weaker, being mediated
through water molecules; this may account for the less efficient
repair of m1G and m3T relative to m1A and m3C.

One notable peculiar feature of the E. coli AlkB is its ability to
repair equally well the top two substrates, m1A and m3C,
despite the large size difference between them. Biochemical
and structural studies have shown that AlkB achieves its diverse
substrate specificity by tailoring its kcat and Km values for vari-

ous substrates (63). For example, AlkB has a significantly higher
kcat and Km for m3C when compared with m1A. Thus, AlkB
maintains a similar net catalytic activity (kcat/Km) by increasing
the turnover rate of the substrate with lower affinity. Co-crys-
tals of AlkB with both substrates suggest a correlation between
the kcat and Km compensation and the atomic packing density
in the active site (i.e. the extent to which the substrate fills the
volume of the active site). Smaller substrates such as m3C have
a lower atomic packing density, which seems to promote a
faster rate (kcat) at the expense of a weaker binding (higher Km)
(63). The mechanistic basis for this relationship is not fully
understood, but it is suspected that the stereochemical proper-
ties of the substrate directly influence (via quantum mechanical
effects) the rate with which the electrons or atoms rearrange
during the course of the reaction (63).

Monoalkyl RNA Lesions

E. coli AlkB and human ALKBH1 and ALKBH3 can oxidize
and remove the methyl group of m1A, m3C, and m1G in RNA
substrates (15, 30, 85). The bacterial AlkB protein XC-1B can
also repair RNA substrates (14). The ability of these proteins to
work on RNA correlates with their preference to repair ssDNA
over dsDNA. Both AlkB and ALKBH3 can function as RNA
repair enzymes in the cell (86). In fact, the primary function of
ALKBH3 is speculated to be RNA repair, argued by its equal
activity on RNA and ssDNA and its diffuse cellular localization
(cytosol and nucleus) (30, 85).

Other AlkB homologs, such as ALKBH5, FTO, and ALKBH8,
have been shown to work exclusively on RNA substrates. Both
ALKBH5 and FTO remove the methyl group from m6A in RNA
(Fig. 1) (41, 47). However, these oxidation/demethylation reac-
tions likely constitute an additional layer of mRNA regulation
(ALKBH5 and FTO) or post-transcriptional tRNA modifica-
tion (ALKBH8), and thus not true repair mechanisms for alkyl-
ation-damaged RNA.

Exocyclic Bridge-containing Lesions

Of all the four possible etheno adducts of DNA nucleobases,
�A (9, 11, 67), 3,N4-ethenocytosine (�C) (9, 67), and 1,N2-
ethenoguanine (1,N2-�G) (67, 87) are substrates for AlkB dioxy-
genases, whereas N2,3-ethenoguanine (N2,3-�G) is not (Table
2) (87). Although the ability of E. coli AlkB to efficiently dealkyl-
ate �A and �C both in vitro (9, 11) and in vivo (9) in ssDNA was
known since 2005, the AlkB activity on 1,N2-�G was reported
only recently. Although one study concluded that E. coli AlkB
does not efficiently process 1,N2-�G in vitro (67), a higher res-
olution MS method revealed that 1,N2-�G is a substrate (albeit
a modest one) for E. coli AlkB both in vitro and in vivo (87). The
inability of E. coli AlkB to process the remaining etheno lesion,
N2,3-�G, can be explained structurally; in the active site of the
protein, the etheno bridge is spatially too far away from the
iron-oxo center (Fig. 2, C and D) (87).

The etheno lesions are excellent substrates for many mem-
bers of the AlkB family. The bacterial AlkB proteins RE-2A
(Rhizobium etli), SA-2B (Streptomyces avermitilis), and XC-2B
can repair �A, �C, and 1,N2-�G, both in ssDNA and in dsDNA
substrates (67). In fact, RE-2A and XC-2B are specialized AlkB
proteins that remove only etheno lesions (67), but do not pro-

TABLE 2
Chemical structures of the exocyclic bridged substrates of AlkB
dioxygenases
The repair target within each base is highlighted in red. The lesion phenotype in
AlkB-deficient E. coli cells is provided in terms of % relative bypass (RB) and %
mutagenesis, as determined by the CRAB and REAP assays. Bypass efficiencies are
reported as a percentage relative to the unmodified DNA base at the lesion site. All
lesions are in DNA.

a Very strong replication block (RB�10%), strong replication block (RB 10 –50%),
mild replication block (RB 50 –90%), not a replication block (RB�90%).

b Not mutagenic (�2%), slightly mutagenic (2–10%), mutagenic (10 –50%), very
mutagenic (�50%).

c AlkB notation refers to the E. coli protein.
d James C. Delaney, personal communication.
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cess monoalkyl substrates (14). Similarly, the human homolog
ALKBH2 removes all the three etheno lesions in dsDNA, but
only �A and �C in ssDNA, where the repair is less efficient (67).
By contrast, some AlkB proteins are more specialized. The bac-
terial proteins SA-1A and XC-1B remove only �A and �C, but
are inactive on 1,N2-�G, whereas SC-1A (Streptomyces coeli-
color) works only on �A in dsDNA (67). Similarly, the human
homolog ALKBH3 seems to repair only �C, and only in ssDNA
(67). Finally, not all AlkB proteins can repair etheno adducts;
MT-2B and SC-2B do not process etheno adducts, yet they do
repair monoalkylated bases (14, 67).

Other exocyclic bridged lesions can also be processed by
AlkB dioxygenases (Table 2), but in most cases, the substrate is
processed initially as a monoalkyl lesion. After the initial oxida-
tion, the exocyclic bridge can open, forming another monoalkyl
lesion that either can fall apart spontaneously or is further oxi-
dized by AlkB. For example, 1,N6-ethanoadenine (EA), the sat-
urated analog of �A, is completely repaired by E. coli AlkB, with
the reaction involving two successive oxidation steps at the car-
bons on the N1 and N6 positions of adenine (83, 88). Similarly,
3,N4-�-hydroxyethanocytosine (the hydrated version of �C)
and the three-carbon bridge analog 3,N4-�-hydroxypropano-
cytosine are also good AlkB substrates, but require only one
oxidation at the carbon attached to the N3 of cytosine (10, 84).
Additionally, three propano-exocyclic lesions of guanine
(�-hydroxypropanoguanine (�HOPG), �-hydroxypropanogua-
nine (�HOPG), and malondialdehydeguanine (M1G)) are also
processed by E. coli AlkB in vitro, but the oxidation steps are
thought to occur primarily on the open ring forms of the lesions
(89).

Studying DNA Repair by AlkB Family Dioxygenases

In Vitro Strategies

Most in vitro strategies require expressing and purifying the
AlkB protein of interest, which is then incubated directly with
single- or double-stranded substrates, typically DNA or RNA
oligonucleotides containing chemically defined modified bases
(lesions). Phosphoramidites for many common modified bases
are commercially available, which allows for a straightforward
preparation of AlkB substrates by using a DNA/RNA synthe-
sizer. Careful purification and characterization (by LC-MS) of
such oligonucleotide substrates are essential because the mod-
ified bases are often unstable.

Two general methods are commonly used to analyze the out-
come of AlkB reactions. The most sensitive method relies on
high resolution MS to identify the reaction products and inter-
mediates by their specific masses. Because this method may
detect relatively stable reaction intermediates, it often provides
insight into the mechanism of more complex AlkB reactions
(83, 89). The main caveats of this method are the low through-
put (each reaction needs a dedicated HPLC-MS run) and the
cost (MS equipment is expensive). The second method can be
utilized when the lesion under analysis is either a block for a
methylation-sensitive restriction enzyme (e.g. DpnII) or a good
substrate for a glycosylase. After the AlkB reaction, the glyco-
sylase would generate an abasic site if the lesion is still present,
but would leave the DNA intact if the canonical base has been

restored by direct reversal (67). Following chemical or enzy-
matic cleavage at the abasic site, a simple PAGE experiment
would distinguish between the repaired (uncut) and unrepaired
(cut) oligonucleotides (67). When using a modification-sensi-
tive restriction enzyme, which only cuts a canonical sequence,
the digested product (cut) would signify repair, whereas the
undigested product (uncut) is unrepaired (14). The key advan-
tage of these approaches is speed; the efficiency of repair of one
or more lesions with an entire panel of purified AlkB enzymes
can be analyzed in one run, in parallel (14, 67). The caveat of the
method is the requirement of an efficient and specific glycosy-
lase for every lesion studied, or a suitable restriction endonu-
clease that is inhibited by the studied lesion. Additionally, this
method detects only the fully repaired canonical base product
of the AlkB reaction, and thus, provides no information regard-
ing the reaction intermediates.

In Vivo Strategies

Genetic strategies have been used to establish the impor-
tance of AlkB in protecting cells against alkylation damage, long
before the Fe(II)/�KG-dependent mechanism was known (6).
Later, such genetic approaches were combined with biochem-
ical tools to evaluate the repair efficiency of AlkB on many
chemically defined DNA lesions. Specifically, an M13 single-
stranded viral vector is engineered to contain site-specifically a
modified base and allowed to replicate in isogenic AlkB� and
AlkB� cell lines. Two metrics are calculated by analyzing the
resulting viral progeny: 1) lesion bypass, the ability of the lesion
to block viral replication, when compared with a normal base,
evaluated with the CRAB assay (90); and 2) mutagenesis, the
ability of the lesion to generate mutations at that site, evaluated
with the REAP assay (77, 90). Any significant positive change in
these metrics between the AlkB� and AlkB� strains (i.e.
improvement in bypass, or decrease in mutagenesis) indicates
that AlkB contributes to the repair of the studied lesion. When
compared with the in vitro strategies, this method allows eval-
uation of the AlkB repair efficiency in a cellular context, where
both the enzyme and the putative substrates are present at
physiologically relevant concentrations. As a caveat, this
approach will not work if the lesion studied does not produce a
phenotype measurable by the two metrics above. For example,
m2G is neither a block to replication nor mutagenic; therefore
the ability of AlkB to repair this lesion in vivo cannot be dis-
cerned with this method (91). So far, the in vivo genetics strat-
egy has been successfully used in E. coli cells to establish that
m1A, m3C, e3C, m1G, m3T (77), �A, �C (9), EA (88), and
1,N2-�G (87) are substrates for AlkB repair in vivo, while at the
same time establishing that N2,3-�G is not an AlkB substrate
(87).

Future Directions and Perspective

As the body of knowledge regarding the specific cellular
functions of the AlkB family dioxygenases expands, and the
complete list of substrates for each enzyme, particularly for the
human homologs, becomes known, the field will be poised to
explore in more depth the regulation of AlkB proteins. From
the point of view of DNA repair, two directions merit attention.
First, as gatekeepers of genomic integrity, certain AlkB homo-
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logs may function as tumor suppressor genes (92). When their
activity is impaired, excessive DNA alkylation damage may
accumulate, which can lead to mutations and malignant trans-
formation or cell death (93, 94). Understanding the biochemical
mechanisms by which AlkB enzymes are rendered inoperative
may help connect environmental or endogenous factors to
mutagenesis and cancer. Molecules that compete for binding
with �KG (e.g. the oncometabolite 2-hydroxyglutarate) or
metal ions that compete with the required Fe(II) (e.g. Ni(II))
have already been shown to inhibit the activity of certain Fe(II)/
�KG-dependent dioxygenases (95, 96). However, the relevance
of these mechanisms of inhibition to the AlkB family of
enzymes has not been fully evaluated.

Second, from an opposite perspective, AlkB family proteins
may also be key factors that help tumor cells withstand chemo-
therapy and promote tumor cell growth (24, 26, 27). Here, the
development of potent and specific inhibitors of Fe(II)/�KG-
dependent dioxygenases becomes an important challenge (65,
97). By using the structural and mechanistic information avail-
able, the development of anti-cancer agents or adjuvants that
target AlkB homologs is certainly within reach.

The last decade of research on the AlkB family dioxygenases
has been filled with unexpected findings that have propelled the
field in leaps and bounds. One can only wonder about the still-
to-be-discovered surprises this family of enzymes has to offer
for the decades to come.
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38. Nordstrand, L. M., Svärd, J., Larsen, E., Nilsen, A., Ougland, R., Furu, K.,
Lien, G. F., Rognes, T., Namekawa, S. H., Lee, J. T., and Klungland, A.
(2010) Mice lacking Alkbh1 display sex-ratio distortion and unilateral eye
defects. PLoS One 5, e13827

39. Meyer, K. D., and Jaffrey, S. R. (2014) The dynamic epitranscriptome:
N6-methyladenosine and gene expression control. Nat. Rev. Mol. Cell Biol.
15, 313–326

40. Chandola, U., Das, R., and Panda, B. (2015) Role of the N6-methyladenos-
ine RNA mark in gene regulation and its implications on development and
disease. Brief Funct. Genomics 14, 169 –179

41. Jia, G., Fu, Y., Zhao, X., Dai, Q., Zheng, G., Yang, Y., Yi, C., Lindahl, T., Pan,
T., Yang, Y.-G., and He, C. (2011) N6-Methyladenosine in nuclear RNA is
a major substrate of the obesity-associated FTO. Nat. Chem. Biol. 7,
885– 887

42. Zhao, X., Yang, Y., Sun, B.-F., Zhao, Y.-L., and Yang, Y.-G. (2014) FTO and
obesity: mechanisms of association. Curr. Diab. Rep. 14, 486

43. Church, C., Moir, L., McMurray, F., Girard, C., Banks, G. T., Teboul, L.,
Wells, S., Brüning, J. C., Nolan, P. M., Ashcroft, F. M., and Cox, R. D. (2010)
Overexpression of Fto leads to increased food intake and results in obesity.
Nat. Genet. 42, 1086 –1092

44. Xu, C., Liu, K., Tempel, W., Demetriades, M., Aik, W., Schofield, C. J., and
Min, J. (2014) Structures of human ALKBH5 demethylase reveal a unique
binding mode for specific single-stranded N6-methyladenosine RNA
demethylation. J. Biol. Chem. 289, 17299 –17311

45. Shen, F., Huang, W., Huang, J.-T., Xiong, J., Yang, Y., Wu, K., Jia, G.-F.,
Chen, J., Feng, Y.-Q., Yuan, B.-F., and Liu, S.-M. (2015) Decreased N6-
methyladenosine in peripheral blood RNA from diabetic patients is asso-
ciated with FTO expression rather than ALKBH5. J. Clin. Endocrinol.
Metab. 100, E148 –154

46. Thalhammer, A., Bencokova, Z., Poole, R., Loenarz, C., Adam, J.,
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67. Zdżalik, D., Domańska, A., Prorok, P., Kosicki, K., van den Born, E., Falnes,
P. Ø., Rizzo, C. J., Guengerich, F. P., and Tudek, B. (2015) Differential
repair of etheno-DNA adducts by bacterial and human AlkB proteins.
DNA Repair (Amst.) 30, 1–10, 10.1016/j.dnarep.2015.02.021

68. Krebs, C., Price, J. C., Baldwin, J., Saleh, L., Green, M. T., and Bollinger,
J. M. (2005) Rapid freeze-quench 57Fe Mössbauer spectroscopy: monitor-
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Since its discovery as a post-translational signal for protein
degradation, our understanding of ubiquitin (Ub) has vastly
evolved. Today, we recognize that the role of Ub signaling is
expansive and encompasses diverse processes including cell
division, the DNA damage response, cellular immune signaling,
and even organismal development. With such a wide range of
functions comes a wide range of regulatory mechanisms that
control the activity of the ubiquitylation machinery. Ub attach-
ment to substrates occurs through the sequential action of three
classes of enzymes, E1s, E2s, and E3s. In humans, there are 2 E1s,
�35 E2s, and hundreds of E3s that work to attach Ub to thou-
sands of cellular substrates. Regulation of ubiquitylation can
occur at each stage of the stepwise Ub transfer process, and sub-
strates can also impact their own modification. Recent studies
have revealed elegant mechanisms that have evolved to control
the activity of the enzymes involved. In this minireview, we high-
light recent discoveries that define some of the various mecha-
nisms by which the activities of E3-Ub ligases are regulated.

E3 ligases are generally grouped into three classes: 1) really
interesting new genes (RINGs; also includes the topologically
similar U-box E3s); 2) homologous to the E6-AP C terminus
(HECTs); and 3) RING between RINGs (RBRs). Although all
carry out the final step of covalent ubiquitylation of target pro-
teins, they differ in both structure and mechanism. In humans,
thousands of enzymes and proteins (not just E3s) work in con-
cert to catalyze the regulated transfer of Ub3 to an even more
diverse set of substrates. The shear number of potential inter-
actions requires a precise network of protein-protein binding
events to occur. Recent reviews have highlighted many of the
essential mechanistic requirements for Ub transfer in E3s and

other components of the Ub machinery (1–3). This minireview
attempts to highlight emerging themes in E3-ligase regulation.
The mechanisms discussed here encompass broader thematic
areas of regulation but appear to be recurring phenomena in the
regulation of E3-Ub ligases.

E3 Regulation by Auto-neddylation

RING E3s are the largest class of E3 ligases with over 600
members in the human genome. RINGs facilitate the direct
transfer of Ub from an E2�Ub conjugate to a substrate (4 – 6).
cullin-RING ligases (CRLs) comprise a superfamily of RING
E3s involved in a wide range of cellular functions and are
responsible for up to 20% of Ub-dependent protein turnover in
cells (7). A variety of mechanisms are employed to regulate CRL
activity and have been discussed in detail elsewhere (8). Here
we highlight a recently defined “on-off” switch involving the
Ub-like protein NEDD8 to control CRL E3 activity.

CRLs are multiprotein complexes in which an elongated,
highly helical cullin subunit provides a scaffold for modular
assembly of a functional E3 ligase. A RING subunit (Rbx1 or
Rbx2) binds to the cullin C-terminal domain where it recruits
and activates E2�Ub conjugates for direct Ub transfer to sub-
strate lysine residues. The cullin N-terminal region binds to
select substrate recognition modules that recruit specific sub-
strates to the complex. Before a CRL can catalyze Ub transfer, a
conserved cullin lysine close to the RING-binding site must be
conjugated to the ubiquitin-like (UBL) protein NEDD8 (Fig.
1a). NEDD8 shares 58% identity with Ub, yet has its own dedi-
cated E1 (NAE) and E2s (Ube2M and Ube2F) for activation and
transfer. Efficient neddylation of CRLs requires both the Rbx1
RING domain, which binds activated Ube2M�NEDD8, and a
co-E3 DCN1, which simultaneously binds the cullin subunit
and the acetylated N terminus of Ube2M. Coordinated interac-
tions between Ube2M�NEDD8 and Rbx1/DCN1 position the
complex to neddylate one and only one cullin lysine residue (9).
As Fig. 1a depicts, the covalent attachment of NEDD8 to the
cullin subunit induces a large rearrangement of its C-terminal
domain that repositions the Rbx1 RING in an orientation opti-
mal for recruiting E2�Ub conjugates and modifying substrates
(10). Thus, the RING subunit of CRLs is multifunctional: it can
both facilitate neddylation and promote Ub transfer. Which of
the two functions it performs is determined by the overall con-
formation of the CRL complex, which is in turn dictated by the
attachment of NEDD8.

In addition to its known role as a CRL-specific regulator,
NEDD8 is proposed to have a variety of non-CRL targets in
both plants and animals (11, 12). A HECT-type Ub ligase in
humans, Smurf1, which is linked to multiple cellular functions
including cell growth and mobility, bone generation, and viral
autophagy, was recently reported to be activated by neddylation
(13). Similar to CRLs, Smurf1 catalyzes its own auto-neddyla-
tion, making it the first reported case of a HECT ligase that
carries out both Ub and NEDD8 transfer. In contrast to CRLs,
Smurf1 neddylates multiple lysine residues throughout its var-
ious domains. The result is activation of its Ub ligase activity by
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promoting the binding of E2 Ub-conjugating enzymes through
an as yet undefined mechanism. Smurf1 and other HECTs are
distinct from RINGs in that they form an obligate E3�Ub inter-
mediate through a conserved cysteine residue located in the
C-lobe of the HECT domain prior to substrate ubiquitylation
(Fig. 1b). Smurf1 auto-neddylation also proceeds via an obligate
E3�NEDD8 intermediate, but this transfer requires a cysteine
residue located in the N-lobe of the Smurf1 HECT domain.
These findings expand the landscape for how NEDD8 may be
used to regulate Ub transfer pathways as well as the mecha-
nisms by which HECT E3s work.

E3 Regulation by Auto-inhibition

It is increasingly clear that many E3s reside in an auto-inhib-
ited state in which a region of the protein outside the catalytic
domain prevents access to the active site. The NEDD4 family of
HECT E3s, which includes Smurf1 (see above), is in this cate-
gory. Although they share similar domain architectures with an
N-terminal C2 domain, 2– 4 WW domains, and a C-terminal
HECT domain (Fig. 1b), NEDD4 family members’ functions
and mechanisms of inactivation and activation vary (14 –16).
Smurf1 forms an inactive head-to-tail dimer in which the C2
domain of one subunit binds and inhibits the E3 domain in the
other (17). Auto-inhibition is released by the binding of various
adaptor proteins to the WW domain of Smurf1 (e.g. CKIP-1),
the WW domains and the C2 domains (e.g. Cdh1), or even the
HECT domain (e.g. CCM2) (18 –20). In light of the recent find-
ings discussed above, NEDD8 modification may also lead to the
release of auto-inhibitory interactions, although this remains to
be tested. In contrast, the activity of Smurf2 is controlled by
intramolecular interactions between its C2 and HECT domains
(15). Binding of the adaptor protein Smad7 to the Smurf2 WW
domains releases the auto-inhibitory state and promotes Ub
transfer activity (21).

Phosphorylation is an important mechanism regulating the
ligase activity of several E3s, but it has only recently been found
to play a role in the release of auto-inhibition. An example of

this type of regulation is provided by the E3 ligase Itch (whose
name originates from the skin inflammation observed in
knock-out mice), which is a member of the HECT NEDD4 fam-
ily. Itch plays a key role in inflammatory signaling pathways.
Interactions between its WW and HECT domains stabilize the
auto-inhibited form of Itch. Part of its activation mechanism
involves phosphorylation of a proline-rich region, which
releases these auto-inhibitory interactions and activates Itch to
ubiquitylate JunB, which, in turn, helps prevent the production
of cytokines (16). Additionally, an adapter protein, Ndfip1, is
required for E2 recruitment to Itch and the transfer of Ub to the
inflammatory response activator, Tak1 (22). It remains to be
seen whether Ndfip1 binding also releases auto-inhibitory
interactions similar to Itch phosphorylation.

The HECT ligase NEDD4.1 is activated by phosphorylation
of its HECT and C2 domains by the tyrosine kinase c-Src.
Although the auto-inhibitory interactions and site of phosphor-
ylation differ from those observed in Itch, tyrosine phosphory-
lation disrupts the auto-inhibitory interactions, leading to acti-
vation of the ligase (23). Intriguingly, a NEDD4.1 substrate,
fibroblast growth factor receptor 1 (FGFR1), is the activator of
the NEDD4.1 kinase, c-Src. Ubiquitylation of FGFR1 by
NEDD4.1 leads to its removal from the cell surface, thus pro-
viding a negative feedback loop for receptor tyrosine kinase
signaling. Another closely related HECT ligase, NEDD4.2, is
also auto-inhibited via interactions between its HECT and C2
domains, but is activated by calcium binding rather than phos-
phorylation. Calcium release is a result of phospholipase C acti-
vation and serves as a second messenger in a wide variety of cell
signaling events. Escobedo et al. (24) showed that calcium bind-
ing to the C2 domain in NEDD4.2 prevents interactions
between the HECT and C2 domains and results in E3-ligase
activation.

The RBR class of E3 ligases uses a unique RING-HECT
hybrid mechanism for Ub transfer (25). RBRs contain a RING
domain (RING1) that, like traditional RINGs, binds to E2�Ub
conjugates. However, rather than activating the conjugate for
direct transfer to a substrate, RBRs behave like HECTs and
catalyze Ub transfer from the E2 active site to a catalytic cys-
teine in a second domain (“RING2”) to form an obligate E3�Ub
intermediate (Fig. 1b) (25). The importance of RBRs in neuro-
logical disorders and immune signaling has spurred many func-
tional and structural studies, and these have been recently
reviewed (26 –28).

The largest family of RBRs is the Ariadne family, defined by
an auto-inhibitory Ariadne domain C-terminal to the catalytic
RBR domain (Fig. 1b). In a recent crystal structure of human
homolog of Ariadne (HHARI), the Ariadne domain interacts
with the RBR to conceal the active-site cysteine in the RING2
domain (29). Functional studies revealed that auto-inhibition
for the two most conserved members of the Ariadne family,
TRIAD1 and HHARI, can be released by binding to neddylated
CRLs both in vitro and in vivo (30). Interaction with neddylated
CRLs exposes the RING2 active-site cysteine to the same extent
as removal of the inhibitory Ariadne domain altogether. In
reciprocal fashion, interactions with TRIAD1 or HHARI
appear to increase both the ligase activity and the protein levels

FIGURE 1. Domain architecture of regulated E3 ligases. a, left, schematic of
a cullin ligase bound to an E2�Nedd8 conjugate. The RING domain of the
cullin is positioned to allow specific neddylation. Right, upon neddylation, the
RING adopts a new conformation that allows for interaction with an incoming
E2�Ub conjugate that can facilitate substrate ubiquitylation. b, domain
architecture of the Nedd4, Ariadne family, and Parkin E3 ligases. IBR, in
between ring domain.
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of neddylated CRLs in cells. These findings hint at a complex
regulatory interplay between different classes of E3-ligases.

The RBR E3 Parkin, which if mutated can play a critical role
in the onset of juvenile Parkinson disease, provides another
example of an auto-inhibited RBR, although its architecture
and regulatory mechanisms differ from Ariadne family RBRs. In
parkin, the RBR domain is positioned at the C-terminal end of
the protein, preceded by a zinc-binding domain, RING0, and a
UBL domain (Fig. 1b). In the inactive state, RING0 blocks the
E2-binding site on RING1, and a short sequence within the RBR
domain called the repressor element is positioned to block the
RING2 active-site cysteine (31–33). Regulation of parkin activ-
ity involves the kinase PINK1, which recruits parkin to dam-
aged mitochondria and phosphorylates Ser-65 of parkin’s UBL
domain. The PINK1-dependent phosphorylation induces a
conformational change within parkin that enhances its E3
activity to ubiquitylate mitochondrial outer membrane pro-
teins. Intriguingly, PINK1 appears to play multiple roles in par-
kin activation as it also phosphorylates Ub on Ser-65, the anal-
ogous position to the parkin UBL phosphorylation site (34, 35).
Phospho-Ub binds to parkin, enhancing its catalytic activity
allosterically. Another proposed role for phospho-Ub is that
when attached to mitochondrial proteins, it facilitates recruit-
ment of parkin and serves as a mitochondrial anchor. This rela-
tionship between kinase and ligase activity results in a feed-
forward regulation that helps confine activated parkin activity
to damaged mitochondria. Phospho-Ub inhibits deubiquiti-
nases and some Ub chain-building E2 and E3 ligases in vitro, so
it is likely a mode of Ub-pathway regulation outside of parkin
activation (36).

E3 Regulation by Complex Assembly

E3s are often called to action in response to relatively rare
cellular events such as a stalled ribosome, damaged DNA, or
instances of epigenetic regulation (37– 40). These situations
generally require the recruitment of multiple factors (i.e. pro-
tein, DNA, RNA), including an active Ub transfer complex to
the site of regulation, subsequently generating large supramo-
lecular complexes. This strategy allows the cell to target low-
level substrates with high selectivity and dictates where and
when ubiquitylation occurs. Recent functional and structural
studies reveal that the assembly of Ub transfer complexes on
supramolecular complexes involves multivalent interactions
that impart an avidity advantage in targeting substrates. An
emerging theme in this type of regulation is the importance of
contacts between the substrate and Ub machinery that occur
distant to the site of catalysis.

Protein translation can stall when an mRNA is truncated or
non-stop translation occurs. In such cases, ribosomes can
become trapped with a bound peptidyl-tRNA and a nascent
polypeptide chain protruding from the ribosome exit tunnel
(41– 43). When this occurs, ribosomal components must be
recycled and the nascent chain must be extracted and
destroyed. First, recycling factors split the ribosome into its
component 40S and 60S parts, leaving the 60S complex stuck
with the associated peptidyl-tRNA and a partly translated nas-
cent chain. Next, the multienzyme ribosome quality control
complex (RQC) is assembled on the stalled 60S ribosomal sub-

unit (37, 44, 45). Two RQC components have well characterized
roles in Ub transfer: NEMF (Tae2 in yeast) and the RING E3
ligase Listerin (Ltn1 in yeast) (44 – 46). A model for the assem-
bly of the RQC Ub transfer complex and control of stalled ribo-
some ubiquitylation has been proposed based on recent
cryo-EM studies (Fig. 2a) (46, 47). An essential step in assembly
of the RQC is the discrimination of a stalled 60S subunit from
functionally competent 60S subunits present at much higher
concentrations. This is where NEMF appears to play a critical
role (46). NEMF is composed of three globular regions: N- and
C-lobes with a middle (M) domain interconnected by coiled-
coil segments. After dissociation of the 40S subunit and the
associated message, the tRNA attached to the nascent polypep-
tide is left exposed in the P-site of the 60S subunit. This is an
important recognition point for NEMF. Both its N-lobes and its
C-lobes appear to recognize the exposed tRNA and also make
multiple contacts with nearby ribosomal protein subunits (Fig.
2a) (44, 46, 47). The M-domain also makes multiple contacts
with ribosomal proteins and stabilizes the P-stalk of ribosomal
RNA. By binding at an interface between 40S and 60S subunits,
NEMF effectively prevents premature reassociation of the 40S
subunit.

Ltn1 is a 200 Å long protein containing numerous HEAT
repeats and an RWD (RING finger and WD-domain-contain-
ing-proteins and DEAD-like helicases) domain that immedi-
ately precedes its C-terminal RING E3 ligase domain. Ltn1 has
little affinity for either isolated 60S subunits or intact ribosomes
(44). However, the NEMF M-domain serves as an anchor point
for the Ltn1 N terminus, allowing the Ltn1 RWD domain to
sandwich between two ribosomal proteins to place the RING
domain on the rim of the ribosomal exit tunnel (Fig. 2a). Other
than its N terminus and RWD domain, the bulk of Ltn1 appears
to make little or no contact with the 60S subunit (46, 47).
Together, NEMF and Ltn1 provide at least eight different con-
tact points with the 60S subunit and associated peptidyl-tRNA.
Individually, each contact point represents a weak interaction,
but in combination, they form a stable complex that is specific
for an aberrant 60S subunit, prevents reassociation of the 40S
subunit, and positions the Ltn1 RING domain where it can
recruit E2�Ub conjugates and facilitate ubiquitylation of the
emerging polypeptide chain (44, 46, 47).

A second example of supramolecular complexes regulating
Ub transfer involves histone ubiquitylation carried out by the
polycomb group (PcG) proteins. The PcG proteins are impor-
tant multicomponent epigenetic regulators of chromatin struc-
ture and establish control of transcription through the addition
or removal of various histone post-translational modifications
(48, 49). Polycomb repressive complex 1 (PRC1), for example, is
responsible for the monoubiquitylation of histone H2A Lys-
119, which appears to be a signal for the recruitment of the
histone-methyltransferase complex PRC2 (40, 50 –54). A com-
plex structure solved by McGinty et al. (55) reveals the impor-
tance of multiple types of substrate contacts in the assembly of
PRC1 on a nucleosome and subsequent ubiquitylation of his-
tone H2A (Fig. 2b).

PRC1 is assembled around one of two related RING E3
ligases, Ring1a or Ring1b (RNF2). On their own, these RINGs
are poor Ub ligases, but their activity increases substantially
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when they form a heterodimeric complex with Polycomb group
RING-finger (PCGF) paralogs, the most widely characterized
being Bmi1 (PCG4) (56, 57). Ring1a/b and PCGF paralogs all
have RING domains, but only the Ring1 component interacts
with E2�Ub conjugates to facilitate Ub transfer. Although
intrinsic Ub transfer activity is enhanced by formation of the
Ring1b/Bmi1 heterodimer, it does not efficiently monoubiqui-
tylate isolated H2A. Instead, specific modification only occurs
in the context of the nucleosome, implying a role for other
histones and/or associated DNA in the assembly and activity of
the complex (56 –58).

Using a fused E3-E2 construct, McGinty et al. (55) solved a
crystal structure of a minimal PRC1 complex bound to a
nucleosome core particle (NCP) (Fig. 2a). The structure reveals
contacts between the Ring1b subunit of PRC1 and multiple
histones. In particular, an interaction shown to be vital for effi-
cient substrate binding and ubiquitylation involves two basic
residues in the RING domain, Lys-97 and Arg-98, and an acidic
patch on histone H2A. Bmi1 also engages the NCP through

hydrogen bonding and van der Waals interactions with his-
tones H3, H4, and H2B. Like Ring1b, two basic residues in Bmi1
(Lys-62 and Arg-64) interact with acidic residues in histone H3
(Glu-77) and histone H4 (Glu-74) that are important for effi-
cient NCP ubiquitylation (Fig. 2b).

Generally thought to be recruited solely by the E3 compo-
nent of a multiprotein complex, the E2 UbcH5c is also critical
for PRC1-NCP complex assembly (55). As expected, UbcH5c
binds to Ring1b, in an interaction known to activate the E2�Ub
for transfer to H2A Lys-119. Unexpectedly, UbcH5c also makes
direct contact with the NCP, in particular with nucleosomal
DNA. Residues in the UbcH5c �-sheet and �-3 helix interact
with adjacent DNA phosphate groups (Fig. 2b). The �-sheet of
UbcH5 is a widely used protein-protein interaction site, so its
involvement in recognizing DNA is particularly striking. Muta-
tion of these E2 residues resulted in a 10-fold decrease in affinity
of UbcH5c for the NCP and consequently a decrease in ubiqui-
tylation. As UbcH5c is a particularly promiscuous E2 (59), these
networks of novel interactions serve to position the E2 active

FIGURE 2. Ubiquitin regulation by supramolecular assembly. a, EM structure (Protein Data Bank (PDB) 3J92) of the 60S ribosome subunit bound to
peptidyl-tRNA (orange), NEMF (blue), and Listerin (red). The C-terminal region of Listerin, and specifically the RING domain, is positioned just outside the exit
tunnel (orange) to facilitate ubiquitinylation of the nascent chain. The RWD domain of Listerin binds to one interaction surface of the 60S ribosome. NEMF
directly interacts with the peptidyl-tRNA and the N terminus of Listerin to help anchor the RQC and prevent reassembly with the 40S subunit. b, structure of the
PRC1-nucleosome complex (PDB 4R8P). The members of the PRC1 complex, UbcH5c (green), RING1a (blue), and Bmi1 (gray), sit atop the nucleosome, posi-
tioning the active site of the E2 adjacent to Lys-119 of histone H2A (orange). Other histone components, histone H2B 1.1, (yellow), histone H3.2 (dark pink), and
histone H4 (maroon), play roles in positioning the complex for proper ubiquitylation. c, the inactive RING domain of Bmi1 makes direct contacts with histones
H3.2 and H4 that also stabilize the interaction between PRC1 and the nucleosome. Side chain residues of Lys-62 and Arg-64 hydrogen-bond with Glu-74 in
histone H4 and Asp-77 of H3.2, respectively. d, �-sheet residues in UbcH5c that are distant from the active site play a role in positioning the E2 on the NCP. Side
chain residues of His-32 and Lys-66 make hydrogen-bonding contacts with backbone phosphate groups from the nucleosome DNA.
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site directly over Lys-119 of H2A, perfectly poised for Ub trans-
fer to its designated acceptor.

Ring1a and Ring1b can form active E3-Ub ligase complexes
with any of six different PCGF paralogs. Functional differences
among the different complexes remain to be deciphered but
may be linked to substrate targeting, targeting to different
genomic loci, and/or the regulation of different genes. Intrigu-
ingly, different heterodimeric complexes show large variations
in their inherent ability to stimulate the transfer of Ub in sim-
plified reaction systems (57). However, these differences are
overcome upon assembly on an NCP, demonstrating again that
assembly of E3 ligase supramolecular complexes engages mul-
tiple substrate surfaces distant from the site modification, to
specify and facilitate ubiquitylation (57).

E3 Regulation by Non-protein Ligand Binding

Small molecules and non-protein ligands also serve as non-
covalent regulators of E3 activity. For instance, Turner et al.
(81) found that the Saccharomyces cerevisiae E3 Ubr1, associ-
ated with regulating protein turnover via the N-end rule
pathway, also targets the degradation of the transcriptional reg-
ulatory protein Cup9. Cup9 is a transcriptional repressor of the
di- and tripeptide transporter Ptr2. Increased levels of dipep-
tides in the growth medium led to increasing levels in the cell.
Elevated peptide levels provide an environmental signal for the
Ubr1-dependent ubiquitylation of Cup9 and its subsequent
degradation, leading to increased levels of Ptr2 and increased
peptide import. The environmental signal is translated into
action by the direct binding of dipeptides to Ubr1. This inter-
action induces a conformational change that alters Ubr1 sub-
strate selectivity toward Cup9. Thus, an environmental signal
in the form of a small molecule can directly alter E3 activity via
binding and allosteric regulation.

There are also growing numbers of examples in which non-
covalent binding of non-protein small molecules or polymers
functions to regulate ubiquitylation machinery. For example,
the plant hormone auxin regulates many aspects of cell growth
and development (60). Auxin binds to the F-box protein, TIR1,
and completes the substrate-binding site for auxin-response
factor (ARF) transcription factors (61). TIR1 can then deliver an
ARF to the SCF E3 ligase, a member of the CRL superfamily, for
ubiquitylation and proteasomal degradation (61). In the
remaining examples, we highlight new cases where non-protein
ligands play critical roles in regulating E3 ligase activities.

In the mid-1950s, thalidomide was introduced as a sedative
and prescribed as a treatment for “anxiety, insomnia, gastritis,
and tension” (62, 63). Subsequently, thalidomide was pre-
scribed for the treatment of “morning sickness” in pregnant
women. It soon became clear that thalidomide was respon-
sible for severe birth defects including deformed limbs,
blindness, deafness, and death, leading to its eventual
outlawing as a treatment for morning sickness (64, 65). How-
ever, recently, thalidomide and related derivatives, lenalido-
mide and pomalidomide, collectively known as immuno-
modulatory drugs (IMiDs), have found favor as effective
treatments for specific forms of multiple myeloma (66).

A molecular target for thalidomide and other IMiDs is cere-
blon (CRBN), a receptor that delivers substrates to a CRL

E3 ligase complex containing CUL4, RBX1, and DDB1
(CRL4CRBN) (67). Mutations in the CRBN gene are associated
with autosomal recessive, non-syndromic mental retardation,
and the antiproliferative effects seen with IMiDs in myeloma
cells are linked to CRBN expression (68 –70). Recent structural
studies on the DDB1-CRBN complex bound to thalidomide,
lenalidomide, or pomalidomide revealed that IMiD binding to
CRBN alters the substrate-binding site and changes target
selectivity (Fig. 3) (71). In these studies, Fischer et al. showed
that the transcription factor MEIS2, implicated in human
development, is an endogenous target for CRL4CRBN and that
IMiDs inhibit its degradation. Instead, when bound to thalido-
mide, lenalidomide, or pomalidomide, the CRL4CRBN complex
targets two members of the Ikaros family of transcription fac-
tors for ubiquitylation and degradation, IKZF1 and IKZF3.
These proteins are essential for B- and T-cell differentiation
(72). These results demonstrate that IMiDs are potent small
molecular regulators of CRL4CRBN and possess both agonistic
and antagonistic properties based on specific substrates (Fig. 3).
It raises the intriguing question of whether there are endoge-
nous small molecule regulators for CRBN that the IMiDs are
mimicking or whether the drugs have found a serendipitous, yet
highly specific binding site. Regardless, the findings serve as an
excellent example of how small molecules can regulate ubiqui-
tylation events at the levels of the E3 and substrate.

Protein poly(ADP-ribosyl)ation (PARylation) is a post-trans-
lational modification linked to DNA repair, Wnt signaling, and
transcription (73). Attachment of this non-protein polymer has
also been linked to ubiquitylation processes (74 –76). A recent
study into the structural connection between PARylation and
ubiquitylation (termed PARylation-dependent ubiquitylation

FIGURE 3. Architectural schematic of the putative CUL4, RBX1, DDB1,
CRBN complex (CRL4CRBN) bound to thalidomide (PDB 4C1I for DDB1-
CRBNThalidomide complex). Thalidomide occupies a position in the putative
CRBN-substrate interface and can positively or negatively modulate target
substrate interactions. CRBN sits adjacent to RBX1, bringing E2�Ub conju-
gates and substrate together.
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(PARdU)) revealed a novel allosteric on-off switch regulating
E3 activity. RNF146 contains an N-terminal RING domain fol-
lowed by a WWE domain that had previously been shown to
bind an internal subunit of PAR polymers known as iso-ADP-
ribose (iso-ADPR) (77). Surprisingly, the E3 ligase activity of
RNF146 is non-functional in the absence of either PAR or iso-
ADPR. By comparing their crystal structure of RNF146 bound
to iso-ADPR to an NMR structure of the ligand-free RING,
DaRosa et al. (78) observed that the ligand makes contacts to
both the RING and the WWE domains (Fig. 4a). Importantly,
ligand binding promotes a conformational change in the RING
from an E2 binding-incompetent state to an E2 binding-com-
petent one (Fig. 4b). This is the first known example of a RING
domain that requires binding of a moiety other than Zn2� ions
to stabilize the active conformation.

RNF146 works in close conjunction with the PAR polymer-
ase Tankyrase (TNKS) (79). The regulatory protein Axin, which
is important in Wnt signaling, is among the substrates of TNKS
(74, 80). DaRosa et al. (78) show that RNF146 binds directly to
TNKS via interactions in the intrinsically disordered RNF146
C-terminal region. Using structure-based mutant forms of
RNF146 in cells, they showed that ubiquitylation and degrada-
tion of Axin require that RNF146 be able to bind to both PAR
and TNKS. The mechanism may guide development of small
molecule inhibitors of RNF146, whose overexpression is often
associated with lung cancers.

Summary

The recent discoveries surveyed here provide only a glimpse
into the diverse regulatory mechanisms used to control E3
ligases. It is, perhaps, not surprising that like other enzymatic
pathways ubiquitylation is regulated by E3 auto-inhibition and
phosphorylation mechanisms. However, E3 regulation is ex-
ceptional in the diversity of other post-translational modifica-
tions used, such as neddylation, a signaling pathway closely
related to ubiquitylation, and even PARylation. Many types of
control mechanisms can converge to regulate a particular E3,
which may also include non-covalent binding to a variety of
adaptor proteins, protein complexes, or non-protein ligands.

Protein-protein interactions have always been a focal point
for investigating Ub transfer pathways. However, many of the
important binary interactions exhibit only weak affinities. An
important concept governing Ub transfer reactions is the
assembly of large macromolecular and supramolecular com-
plexes through extensive networks of secondary interactions

among components of the Ub machinery and target substrates.
Many of the important interactions that collectively combine to
regulate transfer are often distant from the site of catalysis.
Identifying and disrupting these important distal interactions
may allow for more precise targeting of specific ubiquitylation
reactions than targeting the actual E3 catalytic centers. The
inability to properly regulate Ub modifications is often associ-
ated with cancer and other diseases. However, the intercon-
nected nature of different Ub pathways and similarities
between various E3 mechanisms make the Ub pathway a chal-
lenging target for drug development. Uncovering the molecular
details of E3 activation and inactivation, along with demon-
strating that these states can be targeted by small molecules or
specialized adapter proteins, provides promising avenues for
pursuing cancer and disease treatments.
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The repair of DNA double-strand breaks by homologous
recombination commences by nucleolytic degradation of the
5�-terminated strand of the DNA break. This leads to the forma-
tion of 3�-tailed DNA, which serves as a substrate for the strand
exchange protein Rad51. The nucleoprotein filament then
invades homologous DNA to drive template-directed repair. In
this review, I discuss mainly the mechanisms of DNA end resec-
tion in Saccharomyces cerevisiae, which includes short-range
resection by Mre11-Rad50-Xrs2 and Sae2, as well as processive
long-range resection by Sgs1-Dna2 or Exo1 pathways. Resection
mechanisms are highly conserved between yeast and humans,
and analogous machineries are found in prokaryotes as well.

Homologous recombination (HR)2 plays a central role in the
repair of DNA double-strand breaks (DSBs) (1). In vegetative
cells, recombination restores broken DNA to preserve genome
integrity. In meiosis, HR promotes proper chromosome segre-
gation and exchange of genetic information between maternal
and paternal genomes, and thus contributes to the generation
of genetic diversity. Recombination is initiated upon the forma-
tion of ssDNA overhangs through a process termed DNA end
resection. The nucleolytic processing of broken DNA ends is
essential for all recombination mechanisms (Fig. 1). Resection
of DSBs commits their repair to HR as it prevents ligation by the
potentially more mutagenic non-homologous end-joining
(NHEJ) pathway (2– 4). Resected DNA is first coated by the
ssDNA-binding protein replication protein A (RPA). In most
cases, RPA is subsequently replaced with the strand exchange
protein Rad51, forming a nucleoprotein filament capable of
invading homologous DNA. Repair can then proceed via either
of two main recombination pathways, synthesis-dependent
strand annealing or the canonical pathway that involves the
formation of a double Holliday junction (Fig. 1). Single-strand
annealing (SSA) is instead a Rad51-independent pathway that

requires extensive resection of DNA between two repetitive
sequences (Fig. 1).

DNA End Resection: When and What to Resect

DSBs can form accidentally in any phase of the cell cycle
upon exposure to ionizing radiation or chemicals or as a result
of abortive processing of nucleic acids. Most DSBs, however,
occur in S-phase when a DNA replication fork runs into a nick.
Furthermore, DSBs are sometimes introduced “intentionally,”
such as in the prophase of the first meiotic division or during
anticancer therapy regimens based on DNA-damaging agents
(5). Depending on the cellular context, cells must first “decide”
whether or not to resect the breaks (3, 4, 6, 7). DNA end resec-
tion commits the repair to HR and prevents NHEJ; therefore, it
would be detrimental to resect DSBs in the G1 phase of the cell
cycle when no sister chromatid DNA is available as a template
for repair. Cells have thus developed regulatory control mech-
anisms that activate resection only during the S or G2 phases of
the cell cycle, which will be introduced below (4, 6 – 8).

Another critical parameter is the polarity of resection. It has
been observed in vivo that the 5�-terminated strand of the
dsDNA break is specifically resected (9, 10). Although limited
processing of the 3�-terminated strand has been observed as
well (11), the preferential degradation of the 5�-terminated
strand results in the formation of 3�-tailed DNA. This becomes
a substrate for Rad51, and upon strand invasion, the 3� end
primes DNA synthesis, which is required for the downstream
steps in the HR pathway (1). How the various DNA end pro-
cessing machineries ensure the 5�3 3� polarity of resection will
be discussed.

DNA End Resection: Lessons from Prokaryotes

In Escherichia coli, DNA end resection is carried out by either
the RecBCD-dependent or the RecQJ-dependent pathways
(12). RecBCD is a vigorous nuclease-helicase complex with a
strong affinity toward DNA ends. RecB has a helicase activity
that unwinds DNA in a 3�3 5� direction, which functions syn-
ergistically with the RecD helicase subunit. RecD translocates
on the opposite strand from RecB with a 5�3 3� polarity result-
ing in a net translocation in the same direction away from the
DNA end (13–15). The RecB and RecD motors do not run at the
same speed. The unique bidirectional translocation mechanism
gives rise to a ssDNA loop that accumulates in front of the
slower RecB subunit and is detectable by electron microscopy
(15). Before encountering the regulatory Chi (crossover hotspot
instigator) sequence within genomic DNA, the RecB subunit
degrades both the 5�-terminated and the 3�-terminated DNA
strands. Upon encountering Chi, the complex pauses and con-
tinues translocating at a reduced speed dependent on RecB,
which becomes the lead motor (13). Importantly, the nucleo-
lytic degradation of the 5�-terminated DNA is up-regulated,
whereas the degradation of the 3�-terminated strand is attenu-
ated, which determines the polarity of DNA end resection (16).
DNA without a Chi sequence is fully degraded by RecBCD,
which contributes to prokaryotic defense mechanisms against
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invading DNA. Furthermore, RecBCD directly loads the strand
exchange protein RecA on the arising 3�-tailed DNA, which
facilitates recombination (17).

The RecQJ enzymes initiate a second major recombination
pathway in E. coli, which also requires the RecFOR factors (12).
RecQ, a founding member of the RecQ helicase family, unwinds
dsDNA with a 3�3 5� polarity, which generates ssDNA for the
RecJ nuclease that degrades DNA 5�3 3� in a manner stimu-
lated by the ssDNA-binding protein SSB (12, 18). Therefore,
unlike RecBCD, the activity of the RecQJ complex directly pro-
duces 3�-tailed DNA and the resection polarity is not regulated
by the Chi sequence. As for RecBCD, the RecFOR complex also
loads RecA on the SSB-coated ssDNA at junctions of single-
and double-stranded DNA (19).

Although the RecFOR pathway is conserved across pro-
karyotes, the RecBCD complex is only present in some bacteria,
including Gram-negative E. coli (20). In Gram-positive Bacillus
subtilis, RecBCD is replaced by the AddAB complex (20).
AddAB has a single motor within the AddA subunit that
unwinds DNA with a 3�3 5� polarity, which is stimulated by
the AddB subunit (21). Although no Chi sequence has been
detected in eukaryotes, variations of similar helicase-nuclease
complexes that resect DSBs are conserved in evolution.

Two-step Resection Model: The Relationship between
Short- and Long-range Resection Pathways

DNA end resection in eukaryotes is a two-step process in
most cases (9, 22, 23). It is initiated by a nucleolytic processing
step that is slow and limited to the vicinity of DNA ends (9, 23).
In Saccharomyces cerevisiae, this first step is dependent on the
Mre11-Rad50-Xrs2 (MRX) complex. MRX has an affinity for
DNA ends, and was shown to be one of the first proteins
recruited to DSBs (24, 25). It has both catalytic and structural
roles in DNA end processing. The intrinsic nuclease activity of
Mre11 is capable of degrading 5�-terminated DNA in the vicin-
ity of the DNA end. The structural role of MRX involves

recruitment of components belonging to the second long-range
processing step (9, 23, 26 –29). In yeast, these include two sep-
arate pathways dependent on either the Sgs1-Dna2 helicase-
nuclease or exonuclease 1 (Exo1) (Fig. 2).

DSBs arise in multiple ways and thus are very diverse in
structure (5). Some are chemically “clean” and may either be
blunt-ended or have short 5� or 3� ssDNA overhangs. These
stretches of ssDNA may form secondary structures that impede
resection. Many DSBs are chemically “dirty,” including those
induced by ionizing radiation, which in addition to DNA break-
age gives rise to oxidative DNA damage. Furthermore, DSBs
can arise upon abortive topoisomerase reactions that may
occur either spontaneously or upon drug treatment. For exam-
ple, the anticancer drug etoposide inhibits Topo II, which
remains trapped at the 5�-terminated strand of the DSB (30).
Finally, DSBs in meiosis are introduced by the Topo II-like
enzyme Spo11, which also remains covalently attached to the 5�
end of the broken DNA (31–33). The presence of secondary
structures, chemical modifications, or proteins at the DNA end
represents a specific challenge to the resection machinery. It
has been demonstrated that the short-range resection pathway,
and specifically the nuclease of Mre11, is required for the pro-
cessing of these non-canonical DNA ends (26, 34, 35). The
Mre11 nuclease activity is instead largely dispensable for the
resection of endonuclease-induced “clean” DSBs (36) (Fig. 2).
Similarly, the structural role of MRX is not essential, as Exo1
and Sgs1-Dna2 can initiate resection of clean DNA ends in an
MRX-independent manner, although less efficiently (9, 27–29,
37).

Long-range resection pathways were initially identified using
physical assays that measure the kinetics of ssDNA formation at
various distances from an experimentally induced dsDNA
break (9, 23). To improve detection, these assays were per-
formed in a rad51� background that does not allow the repair
of the DSB. In addition, genetic assays based on SSA were uti-
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FIGURE 1. DNA end resection is required for all recombination processes. The resection of the 5�-terminated DNA strand is required for all recombination
pathways, including the SSA, synthesis-dependent strand annealing, and canonical double-strand break repair pathways. DNA end resection prevents muta-
genic NHEJ. Microhomology-mediated end-joining was omitted from the scheme and text for simplicity.
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lized, in which long tracts of DNA must be resected to reveal a
repeated sequence to allow repair (9, 23). Together, these assays
showed that Sgs1-Dna2 or Exo1 pathways are capable of resect-
ing very long stretches of DNA of more than 50,000 nt in length
(9). Subsequent work revealed that these assays largely overes-
timated the length of DNA that is resected in vivo under normal
conditions when repair is possible. In mitotic cells, it has been
determined that �2,000 – 4,000 nt are resected in allelic recom-
bination and �3,000 – 6,000 nt are resected in ectopic recom-
bination (38). In meiotic cells, where the long-range resection is
largely dependent on Exo1, the resection tracks are even
shorter (�800 nt) (39). In the sgs1� exo1� double mutant that is

deficient in long-range resection, the degradation tracks are
reduced to �100 –300 nt in mitotic cells and �270 nt in meiotic
cells (38, 39). Intriguingly, the limited MRX- and Sae2-depen-
dent resection is sufficient for efficient joint molecule forma-
tion in meiosis and results in only a moderate recombination
defect in vegetative cells (30 –50% reduction) (9, 38). Therefore,
long-range resection is largely dispensable for recombination in
meiosis and not strictly required for repair in vegetative cells,
although it may be necessary for proper DNA damage check-
point and maintenance. In gene targeting, elimination of the
long-range resection pathways increased efficiency up to 600-
fold (38). This demonstrated that Sgs1-Dna2 or Exo1 over-re-
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FIGURE 2. DNA end resection of free and blocked DNA ends. a, resection of free (clean) DNA ends. The MRX complex is rapidly recruited to DNA ends upon
break formation. The nuclease activity of Mre11 is not required for resection, but the MRX complex has a role to recruit components of the processive pathways
that include either Sgs1-Dna2 or Exo1. In some cases, the structural role of the MRX complex can be bypassed. DNA is subsequently resected by either
Sgs1-Dna2 or Exo1 in a processive manner. Only a monomer of MRX is depicted for clarity reasons. b, resection of blocked (dirty) DNA ends. The MRX complex
is rapidly recruited to DNA ends, which is followed by Sae2. The nuclease activity of Mre11 is required, and it cleaves endonucleolytically the 5�-terminated DNA
strand away from the end in a reaction stimulated by phosphorylated (P) Sae2. Furthermore, MRX also likely recruits Sgs1-Dna2 or Exo1 to the endonuclease
cut site. The endonuclease cut site provides an entry point for the Sgs1-Dna2 or Exo1 nucleases, which carry out long-range resection. The exonuclease of
Mre11 then might degrade DNA in a 3�3 5� direction back toward the DNA break.
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sected the transformed DNA. The short-range processing by
MRX-Sae2 complex was sufficient for homology search and
repair (38).

Short-range DNA End Processing by MRX and Sae2:
Mechanism and Regulation

The MRX complex likely functions as a dimer (40, 41). It has
a DNA binding activity with a preference toward DNA ends (24,
42). The Rad50 subunit is an ATPase that controls conforma-
tion changes within the complex upon DNA binding, which
regulates its functions in DNA end tethering, resection, and
DNA damage signaling (43– 45). In vitro, Mre11 is a manga-
nese-dependent exonuclease that is moderately stimulated by
Xrs2 (24). Mre11 also has a much weaker endonuclease activity
on diverse secondary structures that is moderately promoted by
Rad50 in the presence of ATP (46). However, the polarity of the
Mre11 exonuclease (3� 3 5�) was in disagreement with the
polarity of resection observed in vivo (5�3 3�) as well as with
the DSB repair model that postulates that 3�-tailed ssDNA tails
must be generated (46 – 48). To this point, it was shown that
Pyrococcus furiosus Mre11-Rad50 has a weak magnesium-de-
pendent endonuclease activity on the 5�-terminated strand
near a DNA end (49). Later, it was demonstrated with recom-
binant S. cerevisiae proteins that Sae2 strongly promotes the
endonuclease of Mre11 within the MRX complex (50). Simi-
larly, as in the Hopkins and Paull study (49), the endonuclease
activity was magnesium-dependent and showed a preference
toward 5�-terminated DNA. The preferential cleavage of the
5�-terminated DNA �15–25 nucleotides away from the end
suggested that the Mre11 nuclease initiates DNA resection via
its endonuclease, rather than exonuclease activity. Further-
more, the endonucleolytic 5� end clipping was strongly pro-
moted by protein blocks at the DNA end, demonstrating a pos-
sible mechanism of processing non-canonical DNA ends that
are refractory to exonucleases (50). Under physiological condi-
tions, when magnesium concentrations strongly exceed those
of manganese and when DNA ends are protected by a number
of factors, the Mre11 exonuclease activity might be attenuated
and MRX might preferentially function as an Sae2-promoted
endonuclease (50).

The biochemical reconstitution experiments validated mod-
els that have been inferred for a long time from genetic studies.
Specifically, in meiosis, the Spo11 protein was found in com-
plexes with oligonucleotide DNA molecules of �12 and
�21–37 nucleotides in length (31, 51). These DNA fragments
were attached to Spo11 via their 5� end and had a free 3� DNA
end, which suggested that the processing of meiotic DSBs is
initiated by an endonucleolytic cut. The MRX complex was
proposed as being the best candidate for the enigmatic
nuclease. Subsequent studies revealed that end processing, at
least in some cases, is initiated by a cut at a position more dis-
tant from the DNA end, up to �100 –300 nucleotides away (52).
This collectively provided support for a bidirectional resection
model, which posits that upon the initial endonuclease cleav-
age, the Mre11 exonuclease proceeds back toward the DNA
end via its 3� 3 5� exonuclease activity (Fig. 2). At the same
time, the endonuclease cut can create an entry point for the
long-range resection enzymes. However, on the mechanistic

level, it remains to be determined how the endonucleolytic
cleavage by Mre11 is directed to the more distant sites away
from the DNA break.

Genetic experiments also revealed that the Sae2 protein
functionally integrates with the MRX complex (32). The phe-
notypes of sae2� cells resemble those of mre11 nuclease-defi-
cient mutants in many genetic assays. In meiosis, sae2� strains
are completely deficient in the processing of Spo11-bound
DNA breaks; furthermore, sae2� also affects Mre11 nuclease
function in mitotic cells (32, 53–56). This led to the notion that
Sae2 might activate the nuclease of Mre11, as later directly
demonstrated by reconstitution experiments (50). In contrast,
cells lacking SAE2 are more sensitive than mre11 nuclease-dead
mutants to DNA-damaging agents (26). Thus, in addition to
stimulating the Mre11 endonuclease, Sae2 has other, Mre11-
nuclease independent roles. This may include its proposed
function to remove MRX from DNA ends upon end processing
to facilitate downstream repair, attenuate checkpoint signaling,
counteract the NHEJ factor Ku, and promote resection by Exo1
(26, 29, 57–59). Sae2 itself was also shown to possess a nuclease
activity specific to secondary structures in DNA (60), although
an enzymatic activity was not detected by other laboratories
(27, 50). Human and Schizosaccharomyces pombe Sae2 homo-
logues (CtIP and Ctp1, respectively) were found to tetramerize,
which was shown to be important for their function in vivo (61,
62). Similarly, mutations that prevent oligomerization of Sae2
in vivo resulted in null phenotypes in several genetic assays (53).
Intriguingly, the nuclease of Sae2 has been suggested to be spe-
cific to its monomeric form (63). Taken together, the role of
Sae2 in DNA metabolism is still only partially defined.

The Sae2 function in regulating the nuclease of Mre11 makes
it an ideal target for control by posttranslational modifications
(8). Indeed, Sae2 is phosphorylated in S/G2 phases of the cell
cycle by the cyclin-dependent protein kinase (CDK) Cdc28 (4,
6). The key CDK target site is likely Ser-267, which must
undergo phosphorylation to allow resection both in vivo and in
vitro (6, 50). The phosphomimicking mutant Sae2 S267E par-
tially rescues resection defect in the absence of CDK activity,
whereas the non-phosphorylatable S267A mutant phenotype is
comparable with that of sae2� cells (6). Therefore, the CDK-
dependent regulation of Sae2 activity represents one of the key
control mechanisms ensuring that resection only takes place in
the S/G2 phase of the cell cycle when a homologous template is
available for repair. In addition to CDK, Sae2 is also regulated
by the Mec1 and Tel1 kinases in response to DNA damage
(63– 65). Phosphorylation of Sae2 was shown to affect its olig-
omeric state (63). Furthermore, mutations of Mec1/Tel1 target
sites to non-phosphorylatable residues in Sae2 result in DNA
damage sensitivity, showing that in addition, phosphorylation
under the control of DNA damage checkpoint is important for
the function of Sae2 in vivo (63– 65). As Sae2 has additional
roles on top of controlling Mre11 (see above), it remains to be
determined whether the Mec1/Tel1-dependent phosphoryla-
tion affects DSB resection or other functions of Sae2.

In higher eukaryotes, the homologue of MRX is the MRN
complex, which consists of MRE11, RAD50, and NBS1 subunits
(66, 67). Similarly, as in yeast, recombinant MRN has a manga-
nese-dependent 3� 3 5� exonuclease and a weaker endonu-
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clease activity (47, 48, 68). The human counterpart of Sae2 is
CtIP, although the sequence homology is restricted to its C-ter-
minal part as CtIP is a much larger protein than Sae2 (69).
Experiments based on small molecule inhibitors that specifi-
cally target the endonuclease or the exonuclease of human
MRE11 revealed that the endonuclease precedes the exonu-
clease in resection (2). Thus, the bidirectional resection is likely
conserved in evolution and not limited to meiosis. However,
whether and how CtIP regulates the MRE11 endonuclease has
not been directly established yet. In contrast to yeast, however,
the activity of MRN and CtIP in DNA end resection cannot be
bypassed, as DNA end resection is generally dependent on the
presence of CtIP and the nuclease activity of MRE11 (69).

Long-range DNA End Processing by Sgs1-Dna2 or Exo1

Although the involvement of MRX in the processing of DNA
ends has been known for a long time (70), the pathways respon-
sible for the long-range resection were identified much later.
This is most likely due to the fact that long-range resection can
be carried out by either of two non-overlapping pathways, de-
pendent on the enzymatic activities of Sgs1-Dna2 or Exo1 (9,
22, 23). Inactivation of a single pathway results in only a minor
resection defect, because the other pathway can effectively
compensate. Major resection defects were only revealed when
both pathways were inactivated simultaneously, e.g. in sgs1�
exo1� double mutants (9, 22, 23).

Sgs1-Dna2 Resection Pathway

Both Sgs1 and Dna2 have separate functions unrelated to
DNA end resection. Sgs1 is a vigorous DNA helicase belonging
to the RecQ family (71, 72), which functions together with Top3
and Rmi1 to dissolve double Holliday junctions into non-cross-
over products, thereby preventing sister chromatid exchanges
and chromosome instability (73, 74). Dna2 is a bifunctional
helicase-nuclease responsible for removing DNA flaps arising
by strand displacement synthesis by DNA polymerase � during
lagging strand DNA synthesis (75). The Okazaki fragment pro-
cessing function of Dna2 is essential, although the viability of
dna2� mutants can be rescued by multiple mechanisms (76).
Prior to the seminal work by Ira and colleagues (9), Sgs1 and
Dna2 had not been implicated to function together.

The mechanism of DNA end resection by the Sgs1-Dna2
pathway was revealed by a combination of genetic and bio-
chemical experiments. The helicase of Sgs1 unwinds dsDNA
with a 3� 3 5� polarity, which provides a substrate for the
ssDNA-specific Dna2 nuclease (9, 27, 28). Dna2 must load on a
free ssDNA end but then degrades DNA endonucleolytically,
resulting in degradation products of �5–10 nucleotides in
length (77). Dna2 was shown to possess both 3�3 5� and 5�3
3� nuclease activities (78), so its involvement in DNA end resec-
tion was initially puzzling. The issue was resolved later when it
was demonstrated that RPA inhibits the degradation of 3�-ter-
minated ssDNA, whereas it stimulates the degradation of the
5�-terminated strand (27, 28). Therefore, RPA is a crucial factor
that enforces the correct polarity of DNA end resection by the
Sgs1-Dna2 pathway, leading to the production of 3�-tailed
DNA (Fig. 3a).

Dna2 also possesses a DNA helicase activity with a 5�3 3�
polarity. Unlike the nuclease of Dna2 that is essential for cell
viability, helicase-deficient dna2 mutants are viable under cer-
tain growth conditions (76). The physiological role of the Dna2
helicase is not yet clear. The DNA unwinding activity of Dna2 is
vigorous, comparable with the helicase capacity of Sgs1, yet it is
cryptic and only becomes apparent upon inactivation of the
Dna2 nuclease (79). It is tempting to think that the helicase of
Dna2 functions in concert with that of Sgs1 (28). Both Sgs1
and Dna2 were shown to directly interact, which led to the
model where Sgs1 translocates along one DNA strand in a 3�3
5� direction and unwinds DNA, whereas Dna2 translocates
with a 5�3 3� polarity on the second DNA strand unwound by
Sgs1, yet in the same general direction as Sgs1 (28). This mode
of translocation and DNA degradation would be reminiscent of
the resection complexes from bacteria such as RecBCD (14),
although it has not been substantiated biochemically. Specifi-
cally, in contrast to a bidirectional manner of DNA transloca-
tion by Sgs1-Dna2, the helicase activity of Dna2 was implied to
be dispensable for DNA end resection (9). Similarly to the
nuclease domain of B. subtilis AddA, Dna2 also contains a
4Fe-4S iron-sulfur cluster that appears to have a structural role,
which further highlights the parallels between prokaryotic and
eukaryotic resection complexes (21). More experiments are
clearly needed to determine whether and how the helicase of
Dna2 within the Sgs1-Dna2 heterodimeric complex promotes
resection.

Several factors have been identified that stimulate DNA end
resection by Sgs1-Dna2, which includes the MRX complex and
the Top3-Rmi1 heterodimer (9, 27, 28). As discussed above, the
nuclease of Mre11 is largely dispensable for the processing of

FIGURE 3. Mechanism of long-range DNA end resection by Sgs1-Dna2 or
Exo1 pathways. a, DNA end resection by Sgs1-Dna2. Sgs1 translocates with
a 3�3 5� polarity on one DNA strand and unwinds DNA. Unwound ssDNA is
coated by RPA, which directs the nucleolytic activity of Dna2 toward the
5�-terminated DNA strand. Whether the 5�3 3� motor activity of Dna2 par-
ticipates in DNA end resection to form a bidirectional helicase remains to be
demonstrated. b, DNA end resection by Exo1. The Exo1 nuclease is specific for
dsDNA and has a 5�3 3� polarity, which directly results in 3� tailed DNA.
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clean DSBs, yet MRX was shown to have a structural role in
promoting the resection by Sgs1-Dna2. In particular, Mre11
interacts with Sgs1 and stimulates its helicase activity (27, 28,
80). As the MRX complex localizes very early to DSBs (25), it
has been proposed that it might recruit Sgs1-Dna2 to DNA
ends (81). Furthermore, the Sgs1 helicase is known to form a
complex with Top3-Rmi1 (72, 82). Surprisingly, both Top3 and
Rmi1 were found to be required for DNA end resection by Sgs1
and Dna2 in vivo (9) as well as in vitro, independently of the
topoisomerase activity of Top3 (27). The heterodimer strongly
stimulates the Sgs1 helicase, which is especially apparent under
physiological salt concentrations (27, 28). The mechanism by
which Top3-Rmi1 promote DNA unwinding by Sgs1 is not yet
clear, although it is obvious that Sgs1-Top3-Rmi1 form a very
integrated functional complex (82, 83). Additionally, Sgs1 was
described to interact with Rad51 (84). The functional signifi-
cance of this interaction is not yet clear; however, it is attractive
to hypothesize that it might help load Rad51 directly on
resected ssDNA in analogous fashion to RecBCD- or RecFOR-
mediated loading of RecA (17).

The mechanism of DNA end resection by Sgs1 and Dna2 is
conserved in evolution. Human DNA2 forms a complex with
the human Sgs1 homolog, the Bloom (BLM) helicase, and the
resection by DNA2-BLM is similarly promoted by the human
RPA, MRN, and Topo III�-RMI1-RMI2 proteins (85, 86). In
addition, DNA2 also interacts with another RecQ family heli-
case, Werner (WRN). Also, the DNA2-WRN complex pro-
motes resection in vivo and in vitro, showing a functional
redundancy in DSB processing in human cells (87).

Exo1 Resection Pathway

Unlike the Dna2 nuclease that is specific for ssDNA, the
nuclease activity of Exo1 degrades the 5�-terminated strand
within dsDNA (88). Therefore, Exo1 does not require a helicase
partner to unwind DNA, and directly produces the required
3�-tailed DNA (37, 88) (Fig. 3b). In humans, the BLM protein
was found to stimulate resection by EXO1 in a helicase-inde-
pendent manner, but a similar mechanism was not detected in
yeast (9, 22, 23, 37, 89, 90).

Before the role of Exo1 in DNA end resection was discovered,
Exo1 had been known to play an important function in the
postreplicative mismatch repair. Reconstitution experiments
revealed that Exo1 nuclease is rather distributive and requires
the support of the mismatch recognition complex MutS� to
stimulate its processivity in the presence of a mismatch (91).
Similarly, various factors were identified that promote the Exo1
nuclease in resection. As in the case of the Sgs1-Dna2 pathway,
the MRX complex provides a structural role to stimulate Exo1
(37, 81), which is further enhanced by Sae2 (29). However, effi-
cient Exo1-dependent resection occurred even in the absence
of the MRX complex in vivo, suggesting that other factors may
promote the Exo1 nuclease (9, 23). That may include the
ssDNA-binding proteins RPA or the sensor of ssDNA complex
1 (SOSS1) (37, 92, 93). Furthermore, the 9-1-1 clamp was also
found to promote long-range resection independently of its
checkpoint signaling activity under certain conditions (94),
which is conserved in human cells (95). Finally, proliferating
cell nuclear antigen (PCNA) was found to promote human

EXO1 processivity by enhancing its association with DNA
(85, 96).
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Amyloid precursor protein (APP) metabolites (amyloid-�
(A�) peptides) and Tau are the main components of senile
plaques and neurofibrillary tangles, the two histopathological
hallmarks of Alzheimer disease. Consequently, intense research
has focused upon deciphering their physiological roles to under-
stand their altered state in Alzheimer disease pathophysiology.
Recently, the impact of APP metabolites (APP intracellular
fragment (AICD) and A�) and Tau on the nucleus has emerged
as an important, new topic. Here we discuss (i) how AICD, A�,
and Tau reach the nucleus and how AICD and A� control pro-
tein expression at the transcriptional level, (ii) post-transla-
tional modifications of AICD, A�, and Tau, and (iii) what these
three molecules have in common.

Alzheimer disease (AD)2 is the most common form of
dementia and a leading cause of death. Amyloid-� (A�) pep-
tides of varying length (30 –51 amino acid residues) are pro-
duced by the sequential, proteolytic processing of the amyloid
precursor protein (APP) by �- and �-secretases (1, 2). In the
healthy brain, these protein fragments are normally degraded
and eliminated. In the AD brain, the 42-amino acid peptide
(A�42) is prone to form aggregated amyloid oligomers, which
are believed to contribute to plaque formation and cognitive
decline (3– 6).

The �-secretase also liberates an intracellular fragment
called AICD composed of up to 50 residues depending on
N-terminal variations (7–9). The first identification of the APP
intracellular fragment (AICD) and its detection in brain tissue
(8) immediately suggested that it has transcriptional activity,
like the Notch intracellular domain (NICD). Whether amyloid
A� represents a biologically inert bypass product of APP pro-
cessing or can harbor its own function is a leading question in
the AD field. A� is potentially toxic depending on its biophys-
ical state (10). Equimolar amounts of the A� peptides and the
C-terminal fragment AICD are derived from the �-C-terminal
fragment C99 (11), which represents the APP fragment gener-
ated by the initial APP cleavage by �-secretase (Fig. 1).

A seminal discovery concerning the transcriptional regula-
tory function of the APP cytoplasmic tail was the observation of
its complex formation with Fe65 and the histone acetyltrans-
ferase Tip60 and transcriptional activity in reporter gene assays
(12). Transactivation of transcription requires �-secretase
activity and nuclear translocation of Fe65 but not of AICD
under these assay conditions (13). However, other studies
detected AICD in transcriptional complexes on promoters of
target genes using ChIP (see below).

In addition, there is evidence that soluble APP fragments
(sAPP) of the ectodomain can modulate gene transcription in
stimulating downstream signaling through unknown sAPP
receptor(s) (14). Accumulation of intracellular A� species in
neuronal cells before plaque formation leading to concomitant
loss of MAP2 expression suggested that A� may affect expres-
sion or turnover of other proteins (15–17). However, it was not
clarified whether this occurs at the transcriptional or transla-
tional level.

Using a variety of techniques, the recently detected uptake of
A� peptides into the nuclei of cultured cells (as well as in vivo)
revealed that A�42 possesses unique modulatory activity (18).
Direct evidence for the presence of (i) nuclear A�42 in wild-
type animals, (ii) the increased level of nuclear A�42 in APP-
overexpressing animals, and (iii) the detection of nuclear A� in
quantities comparable with other transcription factors imply a
certain biological relevance.

The second major hallmark of AD pathology is the presence
of neurofibrillary tangles and is associated with intracellular
Tau aggregates called neurofibrillary tangles and with modified
Tau (19). Although the neuronal Tau (tubulin-associated unit)
protein is mostly considered as an essential cytosolic factor for
microtubule assembly, a similarly unexpected discovery was
the nuclear localization of Tau in the early 1990s, first by the
team of L. Binder, and confirmed later by many other groups, in
neuronal as well as in non-neuronal cells (20 –30). Until now,
only a few studies have linked Tau to the regulation of gene
expression. The involvement of Tau in the expression of calbin-
din, a calcium-binding protein, and of Baf-57, a protein of the
chromatin remodeling SWI/SNF complex encoded by the
SMARCE1 gene, was demonstrated in neuronal cultures (31,
32). A direct role for nuclear Tau in the transcription of these
genes, however, has yet to be demonstrated.
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Possible Sources of Nuclear AICD, A�, and Tau

Out of 70 �-secretase substrates, about 30 generate intracel-
lular domains (ICD) with potential activity in transcriptional
regulation (33), including AICD, which is mainly produced via
the amyloidogenic pathway (34) and not released from plasma
membrane-attached APP. The �-secretase-derived C-terminal
stub C83 did not produce AICD (8). However, it is also conceiv-
able that C83 derived from C99 by a secondary �-secretase
cleavage could serve as a precursor of AICD. AICD generation
could be blocked by �- and �-secretase inhibitors (35, 36),
which affected regulation of neprilysin expression (see below).
Unlike the typical intramembranous �-cleavage, AICD is
released from �-cleavage sites located close to the cytosolic leaf-
let of the plasma membrane (9, 37). AICD is difficult to detect in
cells and human tissues because it undergoes rapid inactivation
by the mainly cytosolic and endosomal insulin-degrading
enzyme, a metalloproteinase (38), and by caspases to yield a
fragment called C31 (39). Insulin-degrading enzyme cleaves
AICD at multiple sites, yielding numerous small peptides (40).
There are studies describing the association of so-called adap-
tor proteins that function in the nucleus, nucleosome assembly
protein SET and mediator (Med12), with AICD-Fe65 nuclear
complexes (41, 42). Other factors increase A� production or
lower AICD levels and were found to participate in the AICD-
containing transcriptional protein complex, e.g. Pat1, 14-3-3�

and CP2, the latter of which was suggested to mediate binding
to the DNA (43).

Recent evidence suggests that the APP-like proteins 1 and 2
(APLP1, APLP2) are integral to A� and AICD generation.
APLP1 and APLP2 share a conserved domain structure with
APP but exhibit strikingly different localization with APP and
APLP2 preferentially localized in intracellular vesicular struc-
tures, whereas APLP1 mainly localizes to the plasma mem-
brane (44). The APP family proteins were reported to form
homomeric and heteromeric complexes (45), and this complex
formation may affect processing of the AICD domain. Forma-
tion of ICDs was also detectable for APLP1 (AL1ICD) and
APLP2 (AL2ICD); however, AL1ICD and AL2ICD behave dif-
ferently with respect to AFT (AICD-Fe65-Tip60)-like complex
formation. Similar to AICD, AL2ICD together with Fe65 trans-
locates into the nucleus and forms spherical nuclear AFT-like
complexes, whereas nuclear complex formation was not
detectable for AL1ICD. Moreover, APLP1 appears to affect
AICD nuclear function in competing with APP for Fe65. In
addition, the AL1ICD half-life is shorter depending on the
N-terminal sequence generated during �-secretase cleavage.
This results form enhanced proteasomal degradation of
AL1ICD and thus limits the nuclear signaling capabilities. APP
and APLP2 also exhibit faster protein turnover than APLP1,
which might be an explanation for why AL1ICD competes with
APP (46, 47).

The main AICD species corresponds to AICD50 –99 (CTF
(C-terminal fragment of APP) residues 50 –99), which is in
agreement with the detection of A�49 (48) and its subsequent
processing into A�40 (49). An alternative cleavage occurs and
generates AICD49 –99, which is N-terminally extended by one
amino acid that begins at Leu-49 according to A� numbering,
which is in agreement with the detection of A�48 and mole-
cules of the A�42 peptide series (49, 50). Overall, it is clear that
�-cleavage is a limiting step for the subsequent �-secretase
�-cuts. Oestereich et al. (51) have shown that AICD 50 –99
(VMLKKK . . . ) is rather stabile as compared with AICD49 –99
(LVMLKKK . . . ), which starts with a destabilizing residue
(Leu), when the mutant T43V enhances dimerization of APP
(Fig. 2).

Depending on the alternative splicing of exons 2, 3, and 10,
six isoforms of Tau are expressed in the adult human brain
containing 0 (0N), 1 (1N), or 2 (2N) inserts in the N-terminal
part of Tau, and 3 (3R) or 4 (4R) microtubule-binding domains
(MTBDs). Profiling murine brains with isoform-specific Tau
antibodies revealed the predominant localization of Tau 1N in
the soluble nuclear fraction, as compared with the 0N and 2N
isoforms (23). Phosphorylation is the most studied post-trans-
lational modification associated with the nuclear form of Tau.
In neuronal or non-neuronal cells, nuclear Tau has been widely
detected using pan-Tau antibodies. Further studies using vari-
ous antibodies directed against phospho-dependent Tau
epitopes confirmed the predominantly hypophosphorylated
form of Tau in cell nuclei (20, 24, 27, 29, 52). Using the Tau1
antibody directed against a non-phosphorylated epitope of Tau
protein (serine 195–202), differences in the sub-nuclear local-
ization of Tau have been observed between human and murine
cells. In human brain and interphase non-neuronal cells, the

FIGURE 1. Proteolytic processing of full-length APP (flAPP) into AICD and
A�. Single �- or �-cleavages of full-length APP release the soluble APP forms
(sAPP� or sAPP�). The respective C-terminal �- and �-stubs are cleaved by
�-secretase (at �-cleavage sites; see also Fig. 2) or the �-stub is cleaved by
consecutive �-/� secretase cuts to produce AICDs and p3. AICD49 –99 corre-
sponds to A�42, and AICD50 –99 corresponds to A�40. CTF, CCAAT box-bind-
ing transcription factor.
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Tau1 antibody detects a unique nucleolar localization of Tau
(24, 26, 28), whereas a diffuse Tau1 labeling is observed in
murine neuronal cells (27).

Changes in the phosphorylation states of Tau can occur dur-
ing oxidative and/or hyperthermic (a strong oxidative stress
inducer) conditions. Such stresses trigger the dephosphoryla-
tion of cytoplasmic Tau, which is correlated with its nuclear
accumulation. After recovery from stress, the amount of
nuclear Tau returns to basal levels, whereas the phosphorylated
level of cytoplasmic Tau increases over basal levels. These find-
ings suggest that phosphorylation/dephosphorylation repre-
sents a major mechanism to regulate the nucleo-cytoplasmic
shuttling of Tau. Using PHF-1 monoclonal antibody (recogniz-
ing phospho-serines 396 and 404), phosphorylated forms of
Tau have been detected in the nuclei of neurons under patho-
logical conditions, e.g. in human brain from presenile dementia
with motor neuron disease (54), as well as in neuroblastoma
cells treated with formaldehyde (55) or infected with herpes
simplex virus type 1 (56). PHF-1 labeling had also been detected
in the nuclei of the neuritogenic rat brain cell line B103 (22).
The nucleo-cytoplasmic shuttling of Tau may also be mediated
by O-GlcNAc glycosylation, which has been correlated with
reduced nuclear Tau localization in human non-neuronal cells
(57).

AICD, A�42, and Tau Interactions with DNA

Although the past decade of research has established the role
of AICD as a factor with transcriptional regulatory function, the
net effect of AICD on gene expression is still controversial (for
a summary, see Ref. 43). Several studies have confirmed the
presence of AICD in the nucleus where it is associated together
with Fe65 and Tip60 (8, 58, 59). In other studies to identify
AICD-regulated genes, however, the binding of AICD to regu-
latory cis-elements has only been demonstrated for a limited set
of genes. The targets that have been reported to be up-regulated
included the metastasis suppressor KAI1/CD82 (60, 61), the
tumor suppressor TP53 (62), the A�-degrading enzyme nepri-
lysin (NEP) (42, 62– 64), the endoplasmic reticulum stress and
unfolded protein response gene CHOP/DDIT3 (C/EBP homo-
logous protein/ DNA damage-inducible transcript 3) (65), and
sonic hedgehog receptor Patched (PTCH1) (66). In contrast,
down-regulated targets included the epidermal growth factor

receptor (EGFR) (67) and the low density lipoprotein receptor-
related protein 1 (LRP1) (68). Although not formally defined as
direct targets, the glycogen synthase kinase3� (GSK3�) (59, 69,
70), APP (59) itself, and BACE1 (59) are considered AICD-reg-
ulated genes. However, it has to be noted that other studies did
not observe a nuclear transcriptional role of AICD at least with
respect to the expression of some of the potential target genes
(71–73).

Among the currently known interaction partners, the adap-
tor protein Fe65 is of special interest with respect to the AICD
nuclear function. Fe65 binds to the C-terminal domain of APP
in a phosphorylation-dependent manner, and after �-secretase
cleavage, the AICD-Fe65 complex translocates to the nucleus
(59). Together with the Tip60 histone acetyl transferase, AICD
then forms a trimeric spherical nuclear AFT complex that
exhibits transcriptional activity. Although transgenic mice
expressing AICD and Fe65 exhibit pathological features of AD
(74), the precise molecular mechanism remains unresolved (i.e.
does the central YENPTY motif of nuclear AICD directly inter-
act with the phosphotyrosine-binding domain 2 (PBT2) of Fe65
(60); see review in Ref. 33). At present, the generally accepted
view is that AICD could function as a transcription factor in the
AFT complex.

Similarly to AICD, A�42 has also been found to associate
with regulatory elements of KAI1 and LRP1 within 30 min
(after application) in ChIP experiments (18). Interestingly, Fe65
and histone acetyl transferase Tip60 were only detectable after
60 min, indicating that A�42 translocated to the nucleus inde-
pendent of Fe65 in contrast to AICD (59). Association of A�42
with the KAI1 promoter induced the release of the repressor
NCoR, which was previously reported as a prerequisite for asso-
ciation of Tip60 during studies of the regulation of KAI1
expression (61, 75, 76).

Many years before the first description of nuclear Tau local-
ization, Avila and co-workers (77–79) demonstrated the capac-
ity of microtubule-associated proteins (MAP), including Tau,
to bind DNA. Several in vitro studies have since confirmed the
capacity of Tau to bind DNA and to induce its conformational
change (26, 80 – 84). The presence of endogenous Tau-DNA
complexes has been described in primary neuronal cultures
and, under hyperthermic stress conditions, increased Tau lev-

FIGURE 2. Partial amino acid sequence of the APP C-terminal fragment. The main cleavage sites of �-, �-, and �-secretases are indicated by the respective
Greek letters, the APP transmembrane sequence (TMS) is highlighted in yellow, the amino acid numbers are referring to the A� sequence, and the blue bar
indicates residues of A�42. The multiple cleavages indicated by arrows and numbers occur from the C- to the N-terminal direction in a precursor-product
cascade exerted by the �-secretase complex (49, 50). The major processing routes converge at A�34, which is further hydrolyzed into A�30 (50). The N-terminal
half of the TMS of APP is stabilized the GXXXG interaction motif with Gly-29 and Gly-33 (in red) as the central residues (51, 96, 97). In addition to familial
mutations (98), e.g. T43I (11), TMS interactions affect the �-cut exerted by the �-secretase and shift the ratio of the two AICD species between the A�42 (AICD
49 –99) and the A�40 product line (AICD 50 –99). The hydrophobicity in the core of the APP GXXXG motif determines dimer stability, and specific substitutions
in interactions sites (e.g. T43V) can stabilize dimerization of C-terminal fragments, which favors the production of A�42 and AICD 49 –99 (51).
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els in neuronal nuclei have been correlated with an increase of
Tau-DNA complex formation (27). Whether Tau binds directly
or not to neuronal DNA has yet to be demonstrated.

In vitro, Tau displays similar affinities for DNA and microtu-
bules (84), and both of these Tau-mediated interactions are
reversible (82, 84). Tau has been reported to bind single- and
double-stranded DNA via the minor groove (26, 27, 84, 85),
thereby drawing parallels between Tau and histones in terms of
DNA binding. Indeed, monomers or small oligomers of Tau can
bind to DNA complexes and give rise to a “beads-on-a-string”
organization like histone-DNA assembly (80, 84), thus suggest-
ing that Tau could act like a chaperone (26, 27, 84). Although
larger aggregates of Tau interact only weakly with DNA (84,
86), complexes between large Tau aggregates and DNA have
been observed in vitro, suggesting that different Tau-DNA
structures exist (84). Tau phosphorylation has also been shown
to prevent its binding to DNA (84, 86, 87) and reported to alter
DNA folding (53). Moreover, Hua and co-workers (99)
described that Tau protected DNA from thermal denaturation
(while improving its renaturation), whereas Padmaraju et al.
(81) showed that Tau may nick the supercoiled DNA.

Although Tau does not display any specificity toward a par-
ticular DNA sequence (78, 84), EMSAs have proven that the
proline-rich domain of Tau is important for mediating its inter-
actions with DNA (80). More recently, NMR studies have fur-
ther demonstrated that the Tau amino acids involved in its
interaction with oligonucleotides containing a murine pericen-
tromeric satellite DNA sequence (87) are mainly localized to
the second half of the proline-rich domain (PRD) of Tau and the
R2 repeat present in the microtubule-binding domain. In
human non-neuronal cells, the nucleolar localization of Tau
appears to be mediated by AT-rich DNA sequences organized
as constitutive heterochromatin. In neuronal cultures, results
obtained with netropsin, which is a polyamide with antibiotic
and antiviral activity, suggested that in situ, Tau may also inter-
act with DNA through the AT-rich minor groove (27).

Possible Nuclear Functions of AICD, A�, and Tau

Fe65 and the histone acetyl transferase Tip60 and AICD
form a tripartite complex (12) and AICD increased Fe65-medi-
ated nuclear signaling, but the two proteins did not traffic
together to the nucleus (88). Still, it has to be investigated how
different transcriptional co-factors associated with AICD-con-
taining transcription complexes may induce context-specific
changes in gene expression patterns.

Regarding A�42, it appears that low-n oligomers (from
dimers to octamers) of A�42 peptides in the nucleus induce
changes in gene transcription (18). At present, it is not clear
whether A�42 is binding at the KAI1 or LRP1 promoters or
whether binding to DNA may affect DNA or chromatin struc-
ture (89). At the RNA level, A�42 treatment of SH-SY5Y cells
induced a down-regulation of KAI1 and LRP1 expression
within the first 6 h, whereas APP mRNA levels were up-regu-
lated between 6 and 8 h after the addition of A�42. These effects
were specific for A�42 and not detectable with peptides A�43
and A�38 or A�42G33A, which is a substitution peptide known
to form oligomeric �-pleated sheet complexes more readily
than A�42 WT peptide (90). Moreover, A�42 had no effect on

the expression of the Notch target HES1 (18). Although LRP1
and APP are similarly regulated as by AICD, KAI1 is down-
regulated by A�42 and up-regulated by AICD. This finding sug-
gests a different mechanism of transcriptional modulation by
A�42 and AICD. A recent microarray analysis identified 225
genes that are differentially regulated in response to A�42
treatment including IGFBP3 and IGFBP5, as well as ID1–3 and
LMO4 (91).

It has been demonstrated that nuclear Tau plays a key role in
DNA protection under stress conditions (27). In vitro, Wei et al.
(80) showed that Tau-DNA binding protected DNA from dam-
age induced by free hydroxyl radicals, likely through its capacity
to bind to the AT-rich minor groove of DNA (i.e. a common
way for proteins to physically protect DNA from damage by
inducing its bending). Going a step further, in primary neuronal
cultures, endogenous hypophosphorylated nuclear Tau was
shown to protect DNA integrity under oxidative and hyper-
thermic stress conditions (27). The DNA protective function of
Tau has been validated in vivo in adult neurons in the brain of
mouse submitted to hyperthermic stress and under physiolog-
ical condition (29). Although Tau may protect DNA integrity
through AT-rich minor groove binding (27), it does not pre-
clude the involvement of Tau in the DNA damage response
(29).

DNA damage is highly deleterious in neurons and may trig-
ger transcriptional dysregulation as observed in AD brain (92,
93). Tau hyperphosphorylation in nuclei correlated with DNA
alteration in neuroblastoma cells after formaldehyde treat-
ment. In an in vivo mouse model of Tau pathology (THY-
Tau22), hyperphosphorylation and formation of prefibrillar
Tau oligomers in the nuclei of hippocampal neurons correlated
with accumulation of DNA damage (oxidation and strand
breaks), suggesting that Tau phosphorylation and oligomeriza-
tion may alter the DNA protective function of Tau and be
involved in the accumulation of oxidative DNA damage
observed in AD brain at early stages of the disease.3

The Interplay between AICD, A�, and Tau

By deciphering the mechanisms by which AICD and A� are
generated and how their production is regulated, our under-
standing of how AICD, A�, and Tau are involved in the patho-
physiology of AD will advance. Although their potential roles in
regulating gene expression are currently not well understood,
significant progress is being made. For example, we have shown
that the nuclear accumulation of A� peptides, other than A�42,
is independent from the recruitment on gene promoters (18).
We found that A�42 and A�42G33A accumulate equally well
in the nucleus, but only A�42 can actively regulate gene expres-
sion. When we compared possible overlapping targets of AICD
and A�, we found that both repressed LRP1 and up-regulated
APP. In this context, it has to be mentioned that another study
did not see an effect of A�42 on LRP1 expression (68). More-
over, although AICD increased the transcription of KAI1
(CD82), A�42 was also associated with the KAI1 promoter in

3 M. Violet, A. Chauderlier, L. Delattre, M. Tardivel, M. Sendid Chouala, E. Mar-
ciniak, S. Humez, L. Binder, R. Kayed, B. Lefebvre, E. Bonnefoy, L. Buée, and
M. C. Galas, in revision.
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ChIP experiments but down-regulated KAI1 expression at the
mRNA level. It is still unclear whether A�42 in directly binding
to DNA modulates gene expression by affecting DNA helicity
(94) and chromatin structure or whether it acts in association
with specific DNA-binding factors similar to AICD.

An enzymatic impairment of APP proteolysis by the inhibi-
tion of the �-secretase (which means an inhibition of AICD and
A� generation) using several cell lines resulted in divergent
outcomes regarding the protein or mRNA levels of the putative
AICD-regulated genes (42, 63, 71) including neprilysin (NEP/
MME) (95). Based on the finding that AICD itself was shown to
stimulate the activity of the gene promoter of the A�-degrading
enzyme NEP, which increased the level of this protein in
HEK293 cells (33) and led to enhanced degradation of A�
monomers, it is technically challenging to differentiate between
the effects caused either by AICD or by A�. Moreover, AICD
and A�42 increased the transcription of its own precursor gene
APP (Fig. 3).

The exact mechanism of how A� affects gene regulation
needs further explorations, e.g. by an investigation of the role of
co-factors that are involved, i.e. Fe65 and Tip60. Nuclear Fe65
may even play a key role in the response of the cell to DNA
damage similar to Tau. Transgenic mice co-expressing both

AICD and Fe65 show increased transcription of GSK3� that
was accompanied by phosphorylation of Tau (74), which could
mean that AICD may modulate the DNA binding capacity and
the DNA protective function of Tau.

NEP is central for the understanding of APP-mediated gene
regulatory activities because it seems to be regulated by AICD.
An AICD-mediated increase of NEP could alter the ratio of
A�42/A�40 because NEP was shown to degrade the latter pep-
tide more efficiently (only A�42 regulates gene expression),
which creates another level of complexity. Changes in the ratio
of A�42/A�40 in turn may easily lead to the exacerbation of
cellular amyloid toxicity.

Conclusion

Over the past 30 years, Tau and APP metabolites have been
investigated as toxic aggregates in the pathogenesis of AD.
More recent studies suggest that these end-stage hallmarks of
the disease may be prompted by earlier, subtle changes such as
the dysregulation of nuclear gene expression. Strict control
over the nuclear levels of AICD, A�, and Tau may be critical to
prevent the dysregulation of neurodegeneration-associated
genes. However, for most of these target genes, direct associa-
tion of AICD, A�, or Tau with transcription complexes and

FIGURE 3. Schematic representation of the AICD/A�/Tau nuclear localization. In neuronal cell nuclei, Tau can bind to and protect DNA. Stress-induced
dephosphorylation (circled P) increases the nuclear level of Tau and its binding to DNA. A� peptides of varying lengths such as A�38, A�40, A�42, and A�43 are
internalized by cells and detected in the nucleus. The A�42 peptide specifically interacts with gene regulatory elements and provokes changes in gene
transcription similar to AICD either as a repressor or as an activator of transcription. AICD was reported to translocate with the adapter protein Fe65 into the
nucleus where it forms the AFT complex including the histone acetyltransferase Tip60.
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regulatory effects on their transcription has to be proven. The
present review illuminates new insights about AD etiopatho-
genesis and underscores the need for added research to advance
our understanding of the effect of AICD, A�, and Tau on the
nucleus.
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The original purification of the heterotrimeric eIF4F was pub-
lished over 30 years ago (Grifo, J. A., Tahara, S. M., Morgan,
M. A., Shatkin, A. J., and Merrick, W. C. (1983) J. Biol. Chem.
258, 5804 –5810). Since that time, numerous studies have been
performed with the three proteins specifically required for the
translation initiation of natural mRNAs, eIF4A, eIF4B, and
eIF4F. These have involved enzymatic and structural studies of
the proteins and a number of site-directed mutagenesis studies.
The regulation of translation exhibited through the mammalian
target of rapamycin (mTOR) pathway is predominately seen
as the phosphorylation of 4E-BP, an inhibitor of protein synthe-
sis that functions by binding to the cap binding subunit of eIF4F
(eIF4E). A hypothesis that requires the disassembly of eIF4F
during translation initiation to yield free subunits (eIF4A,
eIF4E, and eIF4G) is presented.

The Biology of eIF4F

The initial findings in the study of natural mRNA translation
reflected the newly discovered m7G cap at the 5� end of eukary-
otic mRNAs (2). mRNAs lacking this structure were translated
with less efficiency than mRNAs that contained this structure
(3). This unique structure allowed for specific assays or purifi-
cations, many established in the laboratory of Dr. Aaron Shat-
kin with assists from his colleagues. Two of note were the use of
m7G-Sepharose for affinity purification (4, 5) and the crosslink-
ing of periodate-oxidized mRNAs to proteins (6).

The initial application of these methodologies identified two
different molecular weight species (about 25,000 and at least
200,000), although the high molecular weight protein con-
tained the small molecular weight component, now known as
eIF4E (7). Given the size of several other known translation
factors, the question was whether these contained the small
molecular weight subunit (notably eIF3 and eIF4B) (8 –11).
Ultimate purification of eIF4F indicated that neither of these
were correct but that eIF4F would form stable complexes with
either, thus being consistent with the eIF4E component track-
ing with them. At the same time, it was recognized that the
46,000 molecular weight subunit of eIF4F was eIF4A. By phys-
ical analysis, eIF4F was a heterotrimeric complex of eIF4A,
eIF4E, and eIF4G (1).

The next studies were to attempt to identify the functions of
the various proteins required specifically for natural mRNA
translation (eIF4A, eIF4B, and eIF4F). The characteristics of

these three proteins were very different. In the absence of ATP,
binding to RNA could only be well demonstrated with eIF4F
(Table 1). eIF4A and eIF4F could hydrolyze ATP in the pres-
ence of single-stranded RNA, and eIF4B would enhance both of
these activities (12). In terms of mechanism, the coupling of the
binding of ATP and RNA was realized in recognizing that
eIF4A or eIF4F had the ability to unwind duplex RNA. As noted
in Table 1, the “strength” of the helicase activity was greater
with eIF4F (14).

As the ability to determine amino acid sequence from RNA
sequence advanced, it was found that there were numerous
conserved amino acid motifs in eIF4A that could be found in
other proteins, and this led to the establishment of the DEAD-
box proteins (15). The DEAD-box proteins became the first
group of well characterized RNA helicases.

This information was soon put into a variety of model initi-
ation pathways in which the primary feature of the eIF4 pro-
teins was their utilization for the unwinding of possible second-
ary structure to form a single-stranded RNA that could be
bound to the 40S subunit (as the 43S preinitiation complex
containing eIF1, eIF1A, eIF3, and the ternary complex eIF2�
GTP�Met-tRNAi). A later finding that RNA helicases can dis-
place protein from an RNA�protein complex adds a second ele-
ment to the activation process as mRNAs exit the nucleus as
mRNPs2 (16).

In the mid-90s, as efforts were continuing to define the bio-
chemistry of the eIF4 family proteins, a very unique discovery
was made. One of the major proteins to be phosphorylated in
cells in response to insulin treatment was called PHAS-I (phos-
phorylated heat- and acid-stable protein regulated by insulin)
(17). By a separate analytic procedure, this protein was also
identified as a protein that bound to eIF4E and would later be
discovered to be a major target of the mTOR pathway
(mTORC1) (18). The phosphorylation of this protein (4E-BP)
led to its inactivation (inability to bind to eIF4E). Because the
binding of eIF4E by either eIF4G or 4E-BP is to overlapping
sites on eIF4E, only one of the two can be bound to eIF4E at any
point in time (19, 20).

This finding added a second arm to the global regulation of
eukaryotic protein synthesis. The first was the regulation of
available initiator tRNA as the ternary complex eIF2�GTP�Met-
tRNAi. The second was the restriction in the level of eIF4F
activity due to the lowered availability of eIF4E. Consistent with
the general pathway of 80S complex formation (Fig. 1) was that
the binding of the ternary complex preceded the binding of
mRNA. As a consequence, translation of most mRNAs was
reduced equally when ternary complexes became limiting. In
contrast, reduction of eIF4F activity forced mRNAs to compete
for limiting eIF4F, and this resulted in “good” mRNAs being
preferentially translated, whereas “poor” mRNAs were not.
This was consistent with the mathematical modeling, initially
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by Lodish and colleagues (21, 22) and then refined by Godefroy-
Colburn and Thach (23). Although a generalization, it would
appear that the ability of an mRNA to compete for the transla-
tional apparatus was mostly determined by the availability of its
m7G cap (24).

A second protein that can influence the formation of eIF4F is
the protein PDCD4, a tumor suppressor. This protein binds to
eIF4A and can thereby limit the amount of eIF4A available to form
eIF4F (25). PDCD4 is regulated through phosphorylation by the
mTOR pathway (which inhibits its binding to eIF4A) (26–28).
Based on the observation that mRNAs with structured 5� ends
require additional eIF4A for translation, the lack of PDCD4 phos-
phorylation could lead to reduced translation of these mRNAs,
either as free eIF4A or as eIF4A to reconstitute eIF4F. In sum,
mTOR coordinately regulates eIF4F formation by controlling the
level of phosphorylation of both 4E-BP and PDCD4.

The Biochemistry of eIF4F

With the recognition that eIF4A was a subunit of eIF4F,
much of the subsequent biochemistry focused on the difference
between these two proteins and the differential affect of eIF4B
on these proteins (it is noted that the relatively late discovery of
eIF4H has resulted in more minimal studies in this comparison)
(29). The standard assays initially used were: 1) RNA binding,
an assay that monitors the retention of an RNA on nitrocellu-
lose filters indicative of a protein�nucleic acid complex; 2) RNA-
dependent ATPase, an assay that measures the hydrolysis of
ATP in a reaction requiring the presence of RNA; and 3) duplex
RNA unwinding, an assay that measures the ATP-dependent
strand separation of an RNA duplex to yield two single strands.
For a number of RNA helicases, there is a dependence on a
single-stranded region being part of the duplex.

Data from these assays are shown in Table 1. Consistent with
their behavior on phosphocellulose, in the absence of ATP,
eIF4A failed to bind mRNA, whereas eIF4F bound significant
levels of mRNA (30). However, the presence of ATP greatly
enhanced the binding of mRNA by eIF4A (with or without
eIF4B), whereas it only offered a slight stimulation with eIF4F.
The kinetic data for the RNA-dependent ATPase assay indicate
that the primary difference between eIF4A and eIF4F is the
apparent affinity of the proteins for RNA, although the pres-
ence of eIF4B renders the ability of eIF4A to catalyze hydrolysis
nearly equivalent to that seen with eIF4F (13). Similar trends are
evident when the melting of RNA duplexes is considered; how-

ever, the -fold difference in the initial rates of unwinding is less
dramatic with a 2–3-fold difference between eIF4A and eIF4F
(� eIF4B) with a shorter duplex, but a greater difference with a
more stable duplex (up to 6-fold) (14).

Yeast Just Aren’t Human

A relatively early observation was that Saccharomyces cerevi-
siae eIF4F is different from the human protein and that some of
these differences play out with eIF4A as well. Perhaps the most
challenging difference is that a three-subunit eIF4F has not been
purified from yeast, but rather only the two-subunit eIF4E�eIF4G
complex has been isolated (31). Secondly, eIF4B is a monomer in
yeast but a dimer in the mammalian system, which may have pro-
found influences on the biochemical behavior of either eIF4A or
eIF4F (32–34). In this light, eIF4B enhances the RNA-dependent
ATPase activity of eIF4A in the mammalian system by reducing
the Kact 1000-fold (13). In contrast, there is no stimulation
observed in the yeast system. Thus, given these differences, the
remaining discussion will focus on the mammalian eIF4F (and
eIF4A and eIF4B), although it is anticipated that similar activities
will be visualized for the yeast system as well.

Subunit Interactions in eIF4F

From numerous studies, interactive domains of eIF4G have
been determined, and a graphic representation of these
domains is seen in Fig. 2A. Because of the many interactions,
eIF4G is able to coordinate functions related to m7G cap bind-
ing (eIF4E), RNA helicase unwinding (eIF4A), binding to the
40S subunit (eIF3), and coordinating initiation using freshly
terminated ribosomes via the interaction with the poly(A)-
binding protein (PABP) as the “circular” mRNA.

At the level of crystallographic studies, individual structures
for eIF4A, eIF4E, and the HEAT domains of eIF4G have been
determined (35– 45). The only catalytically active co-crystal
structure is for eIF4A complexed with the middle domain of
eIF4G (amino acids 572– 853), and in this structure, both the
N-terminal and the C-terminal domains make contact with the
eIF4G HEAT1 domain (Fig. 2B) (37–40). This interaction would
appear to restrict the flexibility of the eIF4A molecule around the
11-amino acid flexible linker that joins the two domains. Of par-
ticular interest is the effect that eIF4G has on orienting the sub-
domains of eIF4A into a more active (open) confirmation in con-
trast to the variety of confirmations theoretically possible with free
eIF4A (38, 40). At present, the mechanism for the observed acti-
vation of eIF4A activity by eIF4B is unknown, but it would not be
surprising if it were similar. This activation appears to reflect pri-
marily differences in binding nucleic acid as the apparent Km for
ATP is relatively unaffected (13).

An interesting side note comes from the structural analysis of
eIF4E complexed with the inhibitor peptide, 4EGI-1 (42, 43). In
contrast to the 4E-BPs, the inhibitor peptide binds to an allosteric
site on eIF4E, leading to the displacement of eIF4G from eIF4E
(43).

Unfortunately, further crystal structure analysis has been
limited by either the low level of protein in normal cells or the
inability to readily express human full-length eIF4G (although
see Feoktistova et al. (45)). This is accompanied by the concern
that the post-translational modifications known to occur on

TABLE 1
Relative activities of translation initiation factors

Initiation
factor

Globin mRNA
bindinga

RNA-dependent
ATPaseb Helicase activityc

�ATP �ATP Kact Vmax �G � �17.9 �G � �24.7

eIF4A 130 1800 15,000 110 3.0 0.6
eIF4B 230 350 –d –d –d –d

eIF4F 3610 3990 30 20 7.3 1.3
eIF4A, eIF4B 150 5170 60 135 10.3 3.6
eIF4F, eIF4B 3820 4260 30 30 9.6 3.6

a Radioactively labeled globin mRNA retention on nitrocellulose filters (cpm) (12).
b Hydrolysis of [�-32P]ATP in response to added RNA (Kact in �M, Vmax in fmol of

PO4 released per s per �g of either eIF4A or eIF4F) (13).
c Unwinding of duplex RNA with a 33-nucleotide single-stranded region or 29-

nucleotide single-stranded region; duplexes were 11 and 15 bp, respectively (ini-
tial rate of unwinding) (14).

d — � not determined.
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both eIF4E and eIF4G may be important for function, and the
degree of modification obtained with expression in either Esch-
erichia coli or insect cells may be limiting. Also, as noted for
eIF2, it is possible that a cellular protein might be required for
the correct assembly of the complete complex (46). Thus, it will
be important to compare both biochemically and physically
native protein purified from actively translating systems (i.e.
HeLa or reticulocytes) with recombinant proteins.

“Modern” Biochemistry with eIF4F
Subunits/Reconstitution

The availability of molecular biological techniques and pro-
tein expression has allowed for the preparation of numerous

translation initiation factors, either as subunits or as individual
proteins. For the most part, these expressed proteins have dem-
onstrated activity either as individual components or as added
to a reconstitution assay. The most useful of these are when
the expressed protein can be independently assessed for
activity, as is the case for eIF4A. With respect to the
“mRNA-specific initiation factors,” whereas eIF4E can be
assessed for binding to m7GTP-Sepharose and eIF4B and
eIF4G can be assessed for binding to nucleic acid, for most of
the “functional assays” (RNA-dependent ATPase, RNA
duplex unwinding, toe printing, protein synthesis), it is the
effect that the added protein (or protein subunits) has on the
activity of eIF4A that is most often measured.

FIGURE 1. Actions of eIF4F in translation initiation. Shown in this figure are the eIF4F steps in translation, the activation of mRNA, which converts an mRNP
to an activated mRNA with bound eIF4F and scanning, and the movement in a 5� to 3� direction of the mRNA to the initiation codon AUG. Both of the steps are
ATP-dependent. The degree wo which free eIF4A, eIF4B, or other RNA helicases may play a role in this process is not pictured. This figure is adapted from
Merrick, W. C. (2010) J. Biol. Chem. 285, 21197–21201 (90).
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Using expressed eIF4A, eIF4B, and either fragments or full-
length eIF4G, Ozes et al. (47) found that eIF4B stimulated the
unwinding activity of eIF4A about 10-fold, whereas eIF4G stimu-
lated the unwinding less than 2-fold. However, the combination of
eIF4A, eIF4B, and eIF4G provided for a 100-fold stimulation over
free eIF4A (Table 1 of Ref. 47). Additional studies have examined
the helicase activity of eIF4A in the presence of various eIF4G
fragments with and without eIF4B and/or eIF4E. In part, these
studies utilized a series of truncated (or full-length) forms of eIF4G
(amino acids 682–1166, 557–1137, 557–1600, and 1–1600) (45).
When a larger eIF4G fragment was used (or the complete protein)
that contained the eIF4E binding site (amino acids 557–681), a

surprising result was found. The 682–1105 fragment provided
more stimulation of activity than either the 557–1137 or 557–1600
fragments or the full-length protein. However, the lost activity of
the larger fragments containing the eIF4E binding site was recov-
ered upon the addition of eIF4E. This led to an autoinhibitory
model (Fig. 5 of Ref. 45) where the presence of eIF4E directly influ-
ences eIF4F activity by removing this inhibition. This observation
may provide a partial answer as to how the eIF4F/mRNA interac-
tion might be stabilized to allow kinetically for the interaction with
eIF3 of the 43S preinitiation complex, perhaps something similar
to the clamping activity of eIF4AIII when it is part of the exon
junction complex (48).

FIGURE 2. High resolutions structures of eIF4F components. A, a graphic representation of the interactive domains of eIF4F and the two-domain structure
of eIF4A. PAM, PABP-interacting motif. B, clockwise, a selection of a few high resolution structures that represent eIF4A�AMP�eIF4FG HEAT domain in the open
confirmation (Protein Data Bank (PDB): 2VSO (40)), the closed confirmation of eIF4AIII as it exists in the exon junction complex with ADPNP (PDB: 2HYI (86)), the
structure of the C-terminal HEAT-2 and HEAT-3 domains in eIF4G (PDB: 1UG3 39)), the N-terminal PABP binding domain of eIF4G with PABP�poly(A) (PDB 4F02
(87)), and a solution structure of m7GTP�eIF4E bound to eIF4G (PDB: 1RF8 (88)). Note that the colors of the domains in the structures are coded to those as seen
in the graphic in panel A. This figure is used with the generous permission of Dr. Christopher Fraser, University of California at Davis, and with permission from
Elsevier Publishing. This figure can be found in Ref. 89.
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From the above (and other) results, it is clear that both eIF4B
and eIF4G stimulate the helicase activity of eIF4A, results con-
sist with earlier observations where eIF4F was found to be more
active than eIF4A and the eIF4A unwinding activity was stim-
ulated by eIF4B (see Table 1). However, none of these studies
addressed the root cause for these observations. Did the addi-
tional proteins enhance the catalytic rate, or did they enhance
the affinity of eIF4A for substrate? Based upon the results from
the RNA-dependent ATPase assay, the primary effect would
appear to be an improvement in substrate affinity (13). How-
ever, it is clear that a secondary effect appears to be related to
the stability of the RNA duplex and the helicase activity of
eIF4A. Using a duplex with a �G of �24.7 kcal/mol, the stim-
ulation of eIF4A activity by eIF4B in unwinding is 7-fold,
whereas for a less stable duplex (�G � �17.9 kcal/mol), the
stimulation was 3-fold (14). The suggestion here is that beyond
the presumed hydrolysis of ATP and the partial strand sepa-
ration of the RNA duplex, the other proteins are likely stabiliz-
ing the partially melted intermediate, allowing additional time
for the duplex to unwind (and more complicated mechanisms
could easily be envisaged). Thus, the roles played by both eIF4B
and eIF4G may also relate to activities not directly related to
eIF4A activity, but dependent upon it.

Very recently, using single molecule FRET, Garcia-Garcia
et al. (49) have shown that the combination of eIF4A, eIF4B,
and eIF4G can lead to the processive unwinding of a 70-bp
hairpin. The processive character was dependent on eIF4B, and
“hints” of this processivity were also seen previously with native
eIF4F (14). Currently, it is not clear what the contribution of
eIF4E might be in this processive unwinding. The unexpected
finding was that a 70-bp hairpin (�G � 100 kcal/mol) could be
completely unwound despite the observation that a hairpin this
stable will usually block translation completely.

Hints at the Instability of eIF4F

The original purification of eIF4F took 5– 8 days, suggesting
that the complex of eIF4E, eIF4A, and eIF4G was quite stable
(1). However, in the process of numerous purifications, my col-
leagues and I noted that the level of purity varied from one
preparation to another. As a result, different alterations to the
purification scheme were tried. The first effort was the use of
m7GTP-Sepharose a second time, but with more extensive
washing to remove contaminating proteins. Much to our dis-
may, the use of extensive washing of the bound eIF4F led to the
purification of eIF4E only.3 It appears that the additional time
taken to wash the column destabilized the interaction between
eIF4E and eIF4G. In retrospect, this is consistent with the early
purification efforts using m7GTP-Sepharose that resulted in
the isolation of eIF4E (50, 51).

As an alternate, gradient elution from phosphocellulose was
attempted as the early step in the purification scheme used
batch elution from phosphocellulose. When this effort was
made, again my colleagues and I were surprised. We found that
we had separated eIF4A from eIF4F and that the remaining
eIF4E-eIF4G complex was also purified (52). The eIF4F activity
could be restored by adding back purified eIF4A to the

eIF4E�eIF4G complex. The inference here is that the binding of
eIF4F to phosphocellulose was a “poor man’s RNA affinity col-
umn” and that the interaction of eIF4F with RNA was leading to
the separation of eIF4A from the eIF4G�eIF4E complex.

Further studies with purified eIF4A and eIF4F indicated that
free eIF4A could exchange with bound eIF4A in the eIF4F com-
plex (53). In part, this observation provided an explanation for
the dominant negative affects of a mutant eIF4A (R362Q) in
translation (54). Although the exchange of the mutant eIF4A
for the wild type eIF4A in eIF4F accounted for much of the
inhibition observed, it did not account for the dominant nega-
tive aspect. At the time, this was taken as evidence that multiple
rounds of eIF4F action were necessary for the utilization of a
single mRNA via the cap-dependent pathway, likely to be 4 –5
rounds of eIF4F utilization (54). However, it was not clear
whether these multiple rounds of eIF4F utilization reflected the
initial mRNA activation step or scanning or both.

The eIF4F Disassembly Hypothesis

The one biologic necessity of eIF4F would appear to be the
requirement for the release of eIF4E. Otherwise, what would
4E-BP ever bind to? Although many of the above data/observa-
tions describe the differential activities depending on whether
different combinations of subunits were added to the test tube,
none looked at the actual formation or possible dissolution of
the eIF4F complex. However, it is possible to piece together a
hypothesis that builds upon the observations related to the
instability elements of eIF4F noted above. 1) Based upon the
observations above, it appears that the eIF4E/eIF4G interaction
is destabilized upon binding the m7GTP cap. 2) Release of eIF4E
might then stabilize the eIF4G�eIF4A�eIF4B complex on the
mRNA with the postulated autoinhibitory activity seen with the
loss of eIF4E (45). This might provide for an RNA clamping
activity. 3) In what is likely an ATP-dependent event, eIF4A is
released from eIF4G in a manner reflected in the phosphocel-
lulose-induced release of eIF4A from eIF4F (52). This step
could also be the source for loading of eIF4A onto the 43S pre-
initiation complex as there is generally 5–10 times more eIF4A
on 40S subunits than eIF2, eIF3, or eIF4F (55, 56). 4) Additional
eIF4F and/or eIF4A molecules are required for the ATP-depen-
dent scanning of the mRNA. This step could also lead to the
additional release of subunits from eIF4F. 5) As a result of
mRNA activation and scanning, the products of the initiation
pathway are the individual subunits of eIF4F (eIF4A, eIF4E, and
eIF4G) as shown in Fig. 1.

Our initial observation that eIF4F purified as a complex with
eIF4B does raise the question as to whether its association
would enhance, hinder, or have no effect on the process of dis-
assembly. As in general, eIF4B stimulates the activity of both
eIF4A and eIF4F, it is anticipated that it might enhance the
disassembly process as well in the context of the m7GTP cap
and the RNA body of the mRNA or the RNA of the 40S subunit.
Given the observations with 4EGI-1, it is also possible that a yet
unidentified compound or factor may have an allosteric affect
in triggering the release of subunits (44).

With the release of subunits, to perform the next round of
initiation, eIF4F needs to reassemble its three subunits. The
pathway below is suggested, but in the absence of real data. 1)3 W. Merrick, unpublished results.
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eIF4G binds to eIF4A to form the eIF4G�4A complex. This is
seen as the preferred first step as the concentration of eIF4A is
roughly 10-fold greater than the concentration of eIF4E. Addi-
tionally, a functional complex of eIF4G�4A has been seen in the
experiments of Fraser and colleagues (45, 47), and evidence
from the yeast system also suggests that this association might
be facilitated by eIF4B (47, 57). 2) The eIF4G�4A complex binds
eIF4E to form eIF4F. Besides forming eIF4F, the binding of
eIF4E also relieves the postulated “autoinhibition” from the
N-terminal region of eIF4G (45). 3) eIF4F binds eIF4B to form
the eIF4F�4B complex, which is seen as the “real” initiation fac-
tor that begins the mRNA activation process.

The combination of the disassembly process and the refor-
mation of eIF4F are depicted in Fig. 1. The reformation process
could also begin with the binding of eIF4G to eIF4E followed by
the binding of eIF4A. Also, by that same token, it is possible that
in the disassembly process, eIF4A might be released prior to the
release of eIF4G. It should be noted that an equivalent thermo-
dynamic pathway has been traced for the yeast proteins (see Fig.
1 in Ref. 58). Although the Kd values for the various associations
would appear to favor eIF4E binding to eIF4G as the first step,
the observation that in yeast eIF4A exceeds eIF4E concentra-
tion by about a factor of 3 would make either reassembly path-
way possible (56). One of the supporting pieces of evidence for
the postulated existence of the eIF4G�4A complex is that this is
the experimentally functional component required for internal
ribosomal entry site-mediated translation, and thus, there is a
biological assay for (and use of) the two different forms of eIF4G
complexes, eIF4F and eIF4G�4A (58, 59).

Other Complications

This minireview has focused on eIF4F as the primary driving
force in the activation and utilization of mRNAs in cap-depen-
dent protein synthesis. However, numerous articles have indi-
cated that for mRNAs with highly structured 5� UTRs, addi-
tional proteins may be required. One of these is additional
eIF4A for which one might imagine a mechanism (60). The
others represent different RNA helicases including DDX3,
DDX41, DHX9, and DHX29 (61– 64). These alternate possibil-
ities are extensively reviewed in Parsyan et al. (65). Using either
in vitro or in vivo conditions, researchers were able to show
through the addition of more or less (depletion via siRNA) of
these proteins that expression from a reporter mRNA was
influenced. What is not clear is whether these RNA helicases
are truly part of the normal initiation process, although not
required for efficiently translated mRNAs, or whether they are
specific for mRNAs with highly structured 5�-UTRs. One sug-
gestion is that these “extra” helicases might be the first binders
to the mRNP and that their subsequent action is influenced by
the downstream actions of eIF4A, eIF4B, and eIF4F (52). These
observations are relatively recent, and clearly more experimen-
tation will be required to determine the exact mechanism for
the utilization of these additional RNA helicases.

For the mammalian factors, an added complication is the
number of isoforms for each of the eIF4F subunits (well
reviewed in Hernández and Vazquez-Pianzola (66)) with three
isoforms for eIF4A, three isoforms for eIF4E, and two isoforms
for eIF4G. With no additional information (concentration, tis-

sue-specific expression, relative affinities for other subunits),
the number of combinations is 18. To date, most of the com-
bined biochemical, biological, and structural data have focused
on one of the possible eIF4F forms (eIF4E1, eIF4A1, eIF4G1). It
remains to be seen whether dramatic differences in biologic
function in the other possible combinations will emerge (i.e.
such as the difference between eIF4A1 and eIF4A3, the former
an active RNA helicase, the latter an RNA clamp in the exon
junction complex) (48).

Two of the major proteins implicated in eIF4F function are
eIF3 and PABP, both of which form complexes with eIF4F (67–
69). Those formed with eIF3 are sufficiently stable to be isolated
by either gel filtration or sucrose density gradients, whereas the
PABP interaction has been seen by cryoelectron microscopy
and pulldown experiments. It is anticipated that the eIF3 inter-
action is required for each initiation event, whereas the inter-
action of PABP with eIF4F may be most important in poly-
somes in assisting in a three-dimensional, intramolecular
reaction that facilitates initiation events from a freshly termi-
nated ribosome.

Although much of this review has focused on mammalian
eIF4F, it does need to be recognized how different the yeast and
mammalian proteins are. A small sampling is provided in Table
2 for yeast and mammalian eIF4A and eIF4F. From this sam-
pling, the yeast and mammalian proteins are very different. The
yeast eIF4A shows greater stimulation of its ATPase activity
with double-stranded RNA than with single-stranded RNA by
more than a factor of 10, whereas the reverse is true for the
mammalian protein. At the same time, the yeast eIF4A is much
more dependent on a single-stranded overhang for duplex
unwinding, whereas the mammalian protein is only slightly
stimulated by a single-stranded overhang.

In contrast, the ATPase activity of yeast eIF4F is much better
stimulated by single-stranded RNA than dsRNA as was seen
with mammalian eIF4A and eIF4F. Both the yeast and the
mammalian eIF4F show a marked dependence for a single-
stranded overhang for duplex unwinding, with a requirement of
at least 20� nucleotides. However, there is a very dramatic
difference in the yeast and mammalian proteins in that the yeast
eIF4F shows an extreme preference for a 5� single-stranded
region over a 3� single-stranded region, whereas the stimulation

TABLE 2
Comparison of yeast and mammalian initiation factor activities

Assaya y4A m4A y4F m4F

RNA-dependent ATPase
Single-stranded RNA/poly(U) 0.003 35 6 5
Double-stranded RNA 0.12 3 0.08 NDb

RNA duplex unwinding
�5�-Single-stranded region 9.5 4.5 113 60
�3�-Single-stranded region 6.5 4.5 4.9 60
Blunt end duplex 1.2 3.3 1.2 5

a The indicated values are to be compared for relative differences and not for ab-
solute level of activity and are taken from tables where direct comparisons be-
tween substrates were made; the yeast and mammalian values were reported in
different publications. Direct comparisons should only be made within columns
(i.e. all the y4A values), but relative comparisons can be made between columns.
The values used in this table are from Refs. 12, 14, 70, and 71. Some values rep-
resent rates (yeast eIF4A and eIF4F, mammalian eIF4A), whereas others repre-
sent extent of reaction (mammalian eIF4A- and eIF4F-directed duplex
unwinding).

b ND, not determined.
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for mammalian eIF4F is equivalent with either 5� or 3� single-
stranded regions.

The caution in relating the mechanism of action of the yeast
and mammalian initiation factors reflects not just differences in
methodologies used to assess function, but also in the physical
and biochemical differences that have been noted. That said,
there does tend to be general agreement on the pathway for
forming an initiation complex. However, the most poorly
described steps in translation initiation are in fact mRNA acti-
vation and scanning, two steps that are highly dependent on
eIF4F and for which much better information is required to
more accurately assess the individual steps catalyzed by this
protein, either in solution (mRNA activation) or on the surface
of the 40S subunit (scanning).

It should be recognized that this retrospective focused on
eIF4F, and as such, is not a review of translation initiation in
general, nor does it probe the various aspects that might call for
other proteins, either as RNA helicases or as proteins that
might allow for non-standard initiation events. To obtain a
fuller appreciation of where eIF4F fits into the grand scheme of
things, the reader may find one or more of the closing refer-
ences to reviews useful (72– 85).

Acknowledgments—I thank Dr. Anton Komar for assisting with the
development and review of this article and generating Fig. 1 and Dr.
Christopher Fraser for the contribution of Fig. 2 to this article.

References
1. Grifo, J. A., Tahara, S. M., Morgan, M. A., Shatkin, A. J., and Merrick, W. C.

(1983) New initiation factor activity required for globin mRNA transla-
tion. J. Biol. Chem. 258, 5804 –5810

2. Both, G. W., Furuichi, Y., Muthukrishnan, S., and Shatkin, A. J. (1975)
Ribosome binding to reovirus mRNA in protein synthesis requires 5� ter-
minal 7-methylguanosine. Cell 6, 185–195

3. Zan-Kowalczewska, M., Bretner, M., Sierakowska, H., Szczesna, E., Filipo-
wicz, W., and Shatkin, A. J. (1977) Removal of the 5�-terminal m7G from
eukaryotic mRNAs by potato nucleotide pyrophosphatase and its effect on
translation. Nucleic Acids Res. 4, 3065–3081

4. Sonenberg, N., Rupprecht, K. M., Hecht, S. M., and Shatkin, A. J. (1979)
Eukaryotic mRNA cap binding protein: purification by affinity chroma-
tography on Sepharose-coupled m7GDP. Proc. Natl. Acad. Sci. U.S.A. 76,
4345– 4349

5. Webb, N. R., Chari, R. V., DePillis, G., Kozarich, J. W., and Rhoads, R. E.
(1984) Purification of the messenger RNA cap-binding protein using a
new affinity medium. Biochemistry 23, 177–181

6. Sonenberg, N., and Shatkin, A. J. (1977) Reovirus mRNA can be covalently
crosslinked via the 5� cap to proteins in initiation complexes. Proc. Natl.
Acad. Sci. U.S.A. 74, 4288 – 4292

7. Tahara, S. M., Morgan, M. A., and Shatkin, A. J. (1981) Two forms of
purified m7G-cap binding protein with different effects on capped mRNA
translation in extracts of uninfected and poliovirus-infected HeLa cells.
J. Biol. Chem. 256, 7691–7694

8. Padilla, M., Canaani, D., Groner, Y., Weinstein, J. A., Bar-Joseph, M., Mer-
rick, W., and Shafritz, D. A. (1978) Initiation factor eIF-4B (IF-M3)-de-
pendent recognition and translation of capped versus uncapped eukary-
otic mRNAs. J. Biol. Chem. 253, 5939 –5945

9. Hansen, J., Etchison, D., Hershey, J. W., and Ehrenfeld, E. (1982) Associa-
tion of cap-binding protein with eukaryotic initiation factor 3 in initiation
factor preparations from uninfected and poliovirus-infected HeLa cells.
J. Virol. 42, 200 –207

10. Etchison, D., Milburn, S. C., Edery, I., Sonenberg, N., and Hershey, J. W.
(1982) Inhibition of HeLa cell protein synthesis following poliovirus infec-

tion correlates with the proteolysis of a 220,000-dalton polypeptide asso-
ciated with eukaryotic initiation factor 3 and a cap-binding protein com-
plex. J. Biol. Chem. 257, 14806 –14810

11. Trachsel, H., Sonenberg, N., Shatkin, A. J., Rose, J. K., Leong, K., Berg-
mann, J. E., Gordon, J., and Baltimore, D. (1980) Purification of a factor
that restores translation of vesicular stomatitis virus mRNA in extracts
from poliovirus-infected HeLa cells. Proc. Natl. Acad. Sci. U.S.A. 77,
770 –774

12. Abramson, R. D., Dever, T. E., Lawson, T. G., Ray, B. K., Thach, R. E., and
Merrick, W. C. (1987) The ATP-dependent interaction of eukaryotic ini-
tiation factors with mRNA. J. Biol. Chem. 262, 3826 –3832

13. Abramson, R. D., Dever, T. E., and Merrick, W. C. (1988) Biochemical
evidence supporting a mechanism for cap-independent and internal ini-
tiation of eukaryotic mRNA. J. Biol. Chem. 263, 6016 – 6019

14. Rogers, G. W., Jr., Richter, N. J., Lima, W. F., and Merrick, W. C. (2001)
Modulation of the helicase activity of eIF4A by eIF4B, eIF4H, and eIF4F.
J. Biol. Chem. 276, 30914 –30922

15. Linder, P., Lasko, P. F., Ashburner, M., Leroy, P., Nielsen, P. J., Nishi, K.,
Schnier, J., and Slonimski, P. P. (1989) Birth of the D-E-A-D box. Nature
337, 121–122

16. Jankowsky, E., Gross, C. H., Shuman, S., and Pyle, A. M. (2001) Active
disruption of an RNA-protein interaction by a DExH/D RNA helicase.
Science 291, 121–125

17. Hu, C., Pang, S., Kong, X., Velleca, M., and Lawrence, J. C. Jr (1994) Mo-
lecular cloning and tissue distribution of PHAS-I, an intracellular target
for insulin and growth factors. Proc. Natl. Acad. Sci. U.S.A. 91, 3730 –3734

18. Pause, A., Belsham, G. J., Gingras, A. C., Donzé, O., Lin, T. A., Lawrence,
J. C., Jr., and Sonenberg, N. (1994) Insulin-dependent stimulation of pro-
tein synthesis by phosphorylation of a regulator of 5�-cap function. Nature
371, 762–767

19. Lukhele, S., Bah, A., Lin, H., Sonenberg, N., and Forman-Kay, J. D. (2013)
Interaction of the eukaryotic initiation factor 4E with 4E-BP2 at a dynamic
bipartite interface. Structure 21, 2186 –2196

20. Peter, D., Igreja, C., Weber, R., Wohlbold, L., Weiler, C., Ebertsch, L.,
Weichenrieder, O., and Izaurralde, E. (2015) Molecular architecture of
4E-BP translational inhibitors bound to eIF4E. Mol. Cell 57, 1074 –1087

21. Temple, G., and Lodish, H. F. (1975) Competition between � and � globin
messenger RNA. Biochem. Biophys. Res. Comm. 63, 971–979

22. Bergmann, J. E., and Lodish, H. F. (1979) A kinetic model of protein syn-
thesis: application to hemoglobin synthesis and translational control.
J. Biol. Chem. 254, 11927–11937

23. Godefroy-Colburn, T., and Thach, R. E. (1981) The role of mRNA com-
petition in regulating translation. IV Kinetic model. J. Biol. Chem. 256,
11762–11773

24. Godefroy-Colburn, T., Ravelonandro, M., and Pinck, L. (1985) Cap acces-
sibility correlates with the initiation efficiency of alfalfa mosaic virus
RNAs. Eur. J. Biochem. 147, 549 –552

25. Yang, H. S., Jansen, A. P., Komar, A. A., Zheng, X., Merrick, W. C., Costes,
S., Lockett, S. J., Sonenberg, N., and Colburn, N. H. (2003) The transfor-
mation suppressor Pdcd4 is a novel eukaryotic translation initiation factor
4A binding protein that inhibits translation. Mol. Cell. Biol. 23, 26 –37

26. Suzuki, C., Garces, R. G., Edmonds, K. A., Hiller, S., Hyberts, S. G.,
Marintchev, A., and Wagner, G. (2008) PDCD4 inhibits translation initi-
ation by binding to eIF4A using both its MA3 domains. Proc. Natl. Acad.
Sci. U.S.A. 105, 3274 –3279

27. Chang, J. H., Cho, Y. H., Sohn, S. Y., Choi, J. M., Kim, A., Kim, Y. C., Jang,
S. K., and Cho, Y. (2009) Crystal structure of the eIF4A-PDCD4 complex.
Proc. Natl. Acad. Sci. U.S.A. 106, 3148 –3153

28. Dennis, M. D., Jefferson, L. S., and Kimball, S. R. (2012) Role of p70S6K1-
mediated phosphorylation of eIF4B and PDCD4 proteins in the regulation
of protein synthesis. J. Biol. Chem. 287, 42890 – 42899

29. Richter, N. J., Rogers, G. W., Jr., Hensold, J. O., and Merrick, W. C. (1999)
Further biochemical and kinetic characterization of human eukaryotic
initiation factor 4H. J. Biol. Chem. 274, 35415–35424

30. Merrick, W. C. (1979) Purification of protein synthesis initiation factors
from rabbit reticulocytes. Methods Enzymol. 60, 101–108

31. Lanker, S., Müller, P. P., Altmann, M., Goyer, C., Sonenberg, N., and
Trachsel, H. (1992) Interactions of the eIF4F subunits in the yeast Saccha-

MINIREVIEW: eIF4F: A Retrospective

OCTOBER 2, 2015 • VOLUME 290 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 24097



romyces cerevisiae. J. Biol. Chem. 267, 21167–21171
32. Altmann, M., Wittmer, B., Méthot, N., Sonenberg, N., and Trachsel, H.

(1995) The Saccharomyces cerevisiae translation initiation factor Tif3 and
its mammalian homologue, eIF4B, have RNA annealing activity. EMBO J.
14, 3820 –3827

33. Grifo, J. A. (1982) Eukaryotic initiation factors which recognize and bind
mRNA. Ph. D. thesis, Case Western Reserve University, Cleveland, OH

34. Méthot, N., Song, M. S., and Sonenberg, N. (1996) A region rich in aspartic
acid, arginine, tyrosine and glycine (DRYG) mediates eukaryotic initiation
factor 4B (eIF4B) self-association and interaction with eIF3. Mol. Cell.
Biol. 16, 5328 –5334

35. Caruthers, J. M., Johnson, E. R., and McKay, D. B. (2000) Crystal structure
of yeast initiation factor 4A, a DEAD-box RNA helicase. Proc. Natl. Acad.
Sci. U.S.A. 97, 13080 –13085

36. Meng, H., Li, C., Wang, Y., and Chen, G. (2014) Molecular dynamics
simulation of the allosteric regulation of eIF4A protein from the open to
closed state, induced by ATP and RNA substrates. PLoS One 9, e86104

37. Marcotrigiano, J., Lomakin, I. B., Sonenberg, N., Pestova, T. V., Hellen,
C. U. T., and Burley, S. K. (2001) A conserved HEAT domain with eIF4G
directs assembly of the translation initiation machinery. Mol. Cell 7,
193–203

38. Oberer, M., Marintchev, A., and Wagner, G. (2005) Structural basis for the
enhancement of the eIF4A helicase activity by eIF4G. Genes Dev. 19,
2212–2223

39. Bellsolell, L., Cho-Park, P. F., Poulin, F., Sonenberg, N., and Burley, S. K.
(2006) Two structurally atypical HEAT domains in the C-terminal por-
tion of human eIF4G support binding to eIF4A and Mnk1. Structure 14,
913–923

40. Schütz, P., Bumann, M., Oberholzer, A. E., Bieniossek, C., Trachsel, H.,
Altmann, M., and Baumann, U. (2008) Crystal structure of the yeast
eIF4A-eIF4G complex: an RNA-helicase controlled by protein-protein
interactions. Proc. Natl. Acad. Sci. U.S.A. 105, 9564 –9569

41. Marcotrigiano, J., Gingras, A. C., Sonenberg, N., and Burley, S. K. (1997)
Co-crystal structure of the messenger RNA 5� cap-binding protein (eIF4E)
bound to 7-methyl-GDP. Cell 89, 951–961

42. Matsuo, H., Li, H., McGuire, A. M., Fletcher, C. M., Gingras, A. C., Sonen-
berg, N., and Wagner, G. (1997) Structure of translation factor eIF4E
bound to m7GDP and interaction with 4E-binding protein. Nat. Struct.
Biol. 4, 717–724

43. Brown, C. J., Verma, C. S., Walkinshaw, M. D., and Lane, D. P. (2009)
Crystallization of eIF4E complexed with eIF4GI peptide and glycerol re-
veals distinct structural differences around the cap-binding site. Cell Cycle
8, 1905–1911

44. Papadopoulos, E., Jenni, S., Kabha, E., Takrouri, K. J., Yi, T., Salvi, N., Luna,
R. E., Gavathiotis, E., Mahalingam, P., Arthanari, H., Rodriguez-Mias, R.,
Yefidoff-Freedman, R., Aktas, B. H., Chorev, M., Halperin, J. A., and Wag-
ner, G. (2014) Structure of the eukaryotic translation initiation factor
eIF4E in complex with 4EGI-1 reveals an allosteric mechanism for disso-
ciating eIF4G. Proc. Natl. Acad. Sci. U.S.A. 111, E3187–E3195

45. Feoktistova, K., Tuvshintogs, E., Do, A., and Fraser, C. S. (2013) Human
eIF4E promotes mRNA restructuring by stimulating eIF4A helicase activ-
ity. Proc. Natl. Acad. Sci. U.S.A. 110, 13339 –13344

46. Perzlmaier, A. F., Richter, F., and Seufert, W. (2013) Translation initiation
requires cell division cycle 123 (Cdc123) to facilitate biogenesis of the
eukaryotic initiation factor 2 (eIF2). J. Biol. Chem. 288, 21537–21546
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To modulate transcription, a variety of input signals must be
sensed by genetic regulatory proteins. In these proteins, flexibil-
ity and disorder are emerging as common themes. Prokaryotic
regulators generally have short, flexible segments, whereas
eukaryotic regulators have extended regions that lack predicted
secondary structure (intrinsic disorder). Two examples illus-
trate the impact of flexibility and disorder on gene regulation:
the prokaryotic LacI/GalR family, with detailed information
from studies on LacI, and the eukaryotic family of Hox proteins,
with specific insights from investigations of Ultrabithorax
(Ubx). The widespread importance of structural disorder in
gene regulatory proteins may derive from the need for flexibility
in signal response and, particularly in eukaryotes, in protein
partner selection.

Over the past two decades, molecular flexibility has emerged
as critical to protein function. Although not readily apparent in
crystal structures, a variety of computer simulations and solu-
tion experiments, including NMR, fluorescence, and small
angle x-ray scattering, demonstrate widespread flexibility in
protein molecules (1). This plasticity ranges across side chain
fluctuations, domain motions, and folding transitions to the
extreme pliability of intrinsically disordered regions (2).

Although universal, flexibility and disorder are present to
different extents in prokaryotic and eukaryotic organisms
(3–5). These differences are well illustrated by genetic regula-
tory proteins; in prokaryotic regulators, flexibility primarily
occurs in short regions around specific functional sites. Exam-
ples that have been studied in some detail include the biotin

repressor BirA (6), lambda repressor (7), tetracycline repressor
family (8), MerR family (9), and the LacI/GalR3 family (10). In
contrast, extended regions of disorder are found in genetic reg-
ulatory proteins ranging from yeast to humans (e.g. GCN4, p53,
BRCA1, and Hox proteins) and are especially evident in the
activation domains of eukaryotic transcription regulators (5,
11). As paradigms for these two categories–localized flexibility
and intrinsic disorder–we review these roles in two families of
transcription regulators that have been extensively studied:
LacI/GalR (prokaryotic) and Hox (eukaryotic).

Overview of Structures and Functions

LacI/GalR Proteins

The LacI/GalR family of transcription regulators comprises
�4000 homologs; all members of this family are found exclu-
sively in bacteria (10, 12, 13). The common structure of this
family is a homodimer that contains one DNA-binding site and
two binding sites for small-molecule, allosteric ligands (10).
Some members form tetramers by a variety of mechanisms,
whereas other homologs bind heteroproteins as part of the reg-
ulatory cycle (10). Fig. 1 (A–C) shows the tetrameric structure
for the paradigmatic lactose repressor protein (LacI), which we
use here to provide an overview of the flexible regions required
for transcription regulation by LacI/GalR homologs.

First, a flexible linker connects the DNA- and ligand-binding
domains (Fig. 1, A–C) (14, 15). In �60% of LacI/GalR homologs
(13), this linker includes a conserved motif that forms a “hinge
helix” in known structures. The side chains of the hinge helices
interact with the minor groove at the center of the two DNA
half-sites, bending the operator by �45° (Fig. 1B) (14 –17). In
this complex, various linker side chains form specific, hydro-
phobic interactions with operator DNA; thus, the linker-DNA
interactions appear to be critical for recognizing specific LacI/
GalR operator sequences (14 –17). For LacI, the hinge helices
remain compact (and presumably folded) even when the LacI-
operator complex is bound to its allosteric ligand, inducer IPTG
(18). However, when bound to nonspecific DNA, the NMR
structure of LacI DNA-binding domains/linkers shows that the
hinge helix is unfolded (16). In the absence of any DNA, both
NMR and small angle x-ray scattering of full-length LacI show
high mobility for the N-terminal DNA-binding domain that
accompanies unfolding of the hinge helix (18, 19).

The second flexible region in the LacI/GalR proteins is a
three-stranded “pivot” between the N- and C-subdomains of
the regulatory domains (20, 21). Changes at this pivot occur
when small, allosteric ligands bind the regulatory domain.
Binding therefore alters the juxtaposition of the N-subdomains,
which “pulls” the hinge helices and provides a key mechanism
for altering their orientation and contacts to DNA (14, 21–23).

The third flexible region is unique to Escherichia coli LacI.
This protein has an additional C-terminal sequence that com-
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prises the highly stable tetramerization domain (Fig. 1, B and
C). Flexible linkers join the tetramerization domain to the reg-
ulatory domain, allowing the angle between the two dimers to
vary (18, 24, 25). For this region, freedom of motion is essential
for DNA looping and is discussed further below.

The sequences and roles of these flexible regions vary signif-
icantly among LacI/GalR homologs to generate functional
diversity (reviewed in Ref. 10). For example, differences in the
pivot and N-subdomain interface can lead to alternative regu-
latory outcomes. LacI is inducible–the consequence of binding
its natural allosteric effector is to reduce DNA affinity and
hence relieve repression of downstream genes (Fig. 1C). In con-
trast, PurR is repressible–the consequence of binding its allos-
teric ligand is to enhance DNA binding and repression (15). In
addition, for �40% of homologs, the �18-amino acid linker
that connects the core domain to the DNA-binding domain
appears to be completely disordered, lacking a hinge helix (13).
Similar to eukaryotic intrinsically disordered proteins (26), the
linker sequence in these proteins has a high density of charge
and/or prolines, although the specific positions vary (Fig. 1D).
In these homologs, disorder in the linker appears to have arisen
to facilitate binding DNA operators with varied spacing
between half-sites (Fig. 1E) (13, 27).

Of the homologs with disordered linkers, E. coli CytR is the
best studied. For high affinity DNA binding, CytR requires
cooperative binding of flanking catabolite repressor proteins
(CRPs) (10, 28). The unfolded linkers in CytR allow its two
N-terminal DNA-binding domains to bind operators with var-
ied half-site spacing (Fig. 1E) (28). Notably, the disordered link-
ers do not propagate allosteric information to the DNA-bind-
ing domains as found for LacI. Instead, the conformational

change precludes simultaneous binding to catabolite repressor
protein and target DNA (29).

The range of functional differences among LacI/GalR family
members illustrates how sequence changes in flexible protein
regions can introduce functional variation without affecting the
overall fold.

Hox Proteins

Within multi-cellular organisms, the family of Hox tran-
scription regulators specifies the identities of many tissues (30,
31). Each Hox homolog regulates a different set of target genes
during development to specify cellular position within the orga-
nism (e.g. various head or cardiac substructures) and to deter-
mine cellular function (30). All Hox proteins contain (i) a con-
served DNA-binding domain (“homeodomain”) (32–35) and
(ii) a hexapeptide motif that mediates interactions with the
Exd/Pbx class of Hox co-factors (Fig. 2A) (31). Hox proteins
also contain transcription activation and repression domains
that influence functional specificity (e.g. Ref. 36). Large regions
of the Hox proteins are intrinsically disordered, as reflected by
sequence analyses, striking protease sensitivity, and challenges
in protein purification (32) (Fig. 2B). Unlike the LacI/GalR ho-
mologs, both domain organization and the locations of regula-
tory sites (e.g. phosphorylation and splicing sites) vary consid-
erably among Hox family proteins (Fig. 2A) (33, 37– 40).

In all Hox proteins, the 60-amino acid DNA-binding home-
odomain accounts for only a small fraction of the total sequence
(Fig. 2A). Homeodomains contain three helices, the third of
which binds the DNA major groove and is stabilized by the
other two helices (34). At its N terminus, the homeodomain
contains a dynamic, disordered “N-terminal arm” of 9 amino

FIGURE 1. LacI/GalR protein structure and DNA targets. A, graphic of a LacI/GalR homodimer. D indicates DNA-binding domains (gold/cyan ovals); L indicates
linkers that contain the hinge helix (dark gold/dark cyan bars); and R indicates regulatory domains (large, stippled shapes). B, structure of LacI tetramer. Each
monomer is a different color. The arrows labeled H point to the linker hinge helices. Inducer-binding sites are labeled with black stars; DNA is shown at the top
of the figure as a twisted ladder. The tetramerization domain (T) is a four-helix bundle at the bottom of the figure; note the flexible linkers connecting this
domain to each regulatory domain. C, overlay of monomers from DNA-bound (Protein Data Bank (PDB) 1LBG, gold) and inducer (IPTG)-bound (PDB 1LBH, black)
LacI structures (14). Note that the hinge helix and N-terminal DNA-binding domain are not resolved in the presence of inducer, presumably due to flexibility
that arises from hinge helix unfolding; the DNA-binding domain may also become less structured. D and E, linker sequence variation and DNA sites for subsets
of LacI/GalR homologs that contain (top) and lack (bottom) the YPAL motif (13). In YPAL homologs, structures show that amino acids in positions P�1 through
L�2 fold into an � helix (14, 15, 17). YPAL homologs recognize operators with contiguous DNA half-sites (panel E, top). Homologs that lack the YPAL motif (e.g.
E. coli CytR) bind DNA with half-sites that are more widely spaced (panel E, bottom) (13, 27). When examined individually, the sequences of non-YPAL linkers
resemble those of intrinsically disordered proteins (13). Logos were created with WebLogo (95).
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acids. In DNA-bound homeodomains, the N-terminal arm
interacts with both bases and backbone phosphates in the DNA
minor groove (34, 35). Although the N-terminal arm never
adopts a regular secondary structure in this complex, DNA
interactions restrict its motion (35). The disordered N-terminal
arm facilitates DNA sequence recognition by detecting small,
sequence-specific variations in the phosphate positions (35,
41). Finally, the N-terminal arm can also influence contacts
between Helix 3 and the major groove (42). Both theoretical
and experimental results reveal that binding affinity is highly
influenced by the disordered N-terminal arm (e.g. Ref. 43).

One of the best-studied Hox proteins is Ultrabithorax (Ubx)
from Drosophila melanogaster (Fig. 2B). The Ubx transcription
activation domain is glycine-rich (33% versus 7% natural abun-
dance generally in proteins), including 13 glycine residues in a
row; not surprisingly, this region is extremely disordered (32,
37). Genetic studies have identified numerous DNA sequences
that are bound by Ubx in vivo. Biochemical studies of Ubx, one

of the few full-length Hox proteins that have been purified, have
provided a structure of its DNA-bound homeodomain and
identified regions of Ubx that regulate DNA binding (30, 32, 34,
44).

Most Hox proteins, including Ubx, have DNA target
sequences that contain a 5�-TAAT-3� sequence (5�-ATTA-3�
on the complementary strand) (Fig. 2C) (46, 47). Despite the
short length of this sequence, Ubx binds specific sites with high
affinity (32, 47). Disordered regions outside the homeodomain
can profoundly impact DNA binding and sequence selection,
providing an effective mechanism to diversify binding (32, 44).
As a consequence, full-length Ubx in vivo binds alternative
DNA sequences with a much wider array of affinities than does
the isolated Ubx homeodomain (44).

Flexibility Enables the Search for DNA-binding Sites

All transcription regulators must recognize their specific
cognate DNA sequence among myriad nonspecific sites (48).
The strategies used for this process are similar for prokaryotes
and eukaryotes, although the latter environment is further
complicated by the presence and packing of nucleosomes (49).
Nevertheless, all regulatory proteins carry out this task more
rapidly than predicted for diffusional search (50). For both pro-
karyotes and eukaryotes, combinations of sliding, hopping,
intersegment transfer (brachiation), and looping yield the most
efficient search process (51, 52). As discussed further below,
protein flexibility is key to several of these processes. Discern-
ing the modes of transfer can be complex, giving rise to diver-
gent views on search mechanisms (e.g. Ref. 52).

Sliding

Once a protein associates with nonspecific DNA, sliding
reduces the dimensionality of the search and thereby enhances
association rates for specific sites (Fig. 3A) (48, 50, 53). As a
specific example from prokaryotes, in vivo experiments with
LacI indicate that (i) sliding distances are �45 bp before disso-
ciation from DNA, consistent with theoretical analysis (52), and
(ii) obstruction by other DNA-bound proteins occurs (54). The
flexibility of the LacI hinge helices appears to be critical to the
sliding process because these domains are unfolded when com-
plexed with nonspecific DNA but folded in the operator-bound
form in NMR studies (16).

Despite the presence of chromatin structure, sliding is also
effective in eukaryotes. For Hox homeodomains, the disordered
N-terminal arms play key roles in sliding, with the length and
charge of this region driving sliding dynamics (55). Electrostatic
interactions dominate binding in the nonspecific complex (51,
53), although the orientation and mode of homeodomain-non-
specific DNA interaction are otherwise similar to the specific
complex (unlike other transcription factor families; e.g. Ref. 56).

Hopping

In this mode of transfer, proteins bind to DNA, dissociate,
and then rebind DNA at another site (Fig. 3B) (53). The length
of the “hop” may be quite short or can cover long distances (49).
For both prokaryotic and eukaryotic transcription factors, hop-
ping appears to increase the speed of the search process (51, 53).
In addition, hopping provides a mechanism for some eukary-

FIGURE 2. Hox protein structure and DNA targets. A, bar schematics depict-
ing the functional domains of representative Hox proteins; note that domain
organization differs for each protein. Black regions represent the homeodo-
main (HD); light gray regions indicate the activation domain(s); dark gray
regions show the conserved hexapeptide motif. Ubx (389 aa) and Abd-A (330
aa) are derived from D. melanogaster; HoxB7 (431 aa), and HoxB3 (217 aa) are
from Homo sapiens (96) (adapted from Ref. 37). B, bar schematics depicting
structural and functional domains in Ubx. Yellow bars (top) indicate disor-
dered regions of Ubx (32). Orange bars (bottom) represent a region of Ubx that
is 35% glycine, including 13 consecutive glycines (dark orange) (32). The HD is
shown as a black bar, and the hexapeptide motif is shown as a dark gray bar.
Various domains are depicted as structures below. From left to right: (i) model
of N terminus (91); (ii) molecular models, based on molecular dynamics sim-
ulations of 13 glycines in a free peptide, for the conserved Ubx polyglycine
sequence that demonstrates the range of possible conformations (Justin
Drake and B. Montgomery Pettitt, UTMB-Galveston, personal communica-
tion); (iii) conserved FYPWMA hexapeptide motif (from PDB file 1B8I) (34); and
(iv) Ubx homeodomain (from PDB file 1B8I) (34). C, examples of Ubx DNA-
binding sites. Dll is a composite site bound by a single Ubx protein with part-
ner proteins Homothorax (Hth) and Exd to regulate the distalless gene (44).
Sequences recognized by Ubx are in bold, and sequences recognized by Hth
(left underline) and Exd (right underline) are indicated. The UA-binding region
contains four Ubx-binding sites (bold) and is part of the ubx gene; a linear
schematic of a portion of the ubx gene is shown beneath, showing a second
cluster of binding sites designated as UB (66). When multiple Ubx proteins
bind to UA and UB sequences in the ubx gene, they interact to create a DNA
loop. A loop schematic is shown on the lower left, and an electron micrograph
of a loop is shown at the lower right (reprinted with permission from Ref. 66).
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otic transcription factors to bypass nucleosomes when sliding
along DNA (49).

Intersegment Transfer/Brachiation

Intersegment transfer, also called “brachiation” (using
appendages to swing from object to object), allows movement
from one DNA segment to the next (Fig. 3C) (55). This mech-
anism is distinct from hopping and is more prominent at high
concentrations of DNA, as found in vivo (53). Intersegment
transfer facilitates searches over long stretches of DNA because
regions that are far in sequence space can be close in cellular
space (as occurs via extensive packing in many eukaryotic sys-
tems) (57). This mechanism requires that two segments of
DNA be simultaneously bound by protein. Hence, at least two
DNA-binding interfaces are needed on the protein, and suffi-
cient protein flexibility is required (58). The two interfaces can
be provided by multimeric assembly, by multiple DNA-binding
domains within a monomer, or by monomers with a single,
bipartite DNA-binding domain.

For tetrameric LacI, the two dimers provide the requisite two
binding interfaces, and flexibility in the segments that link the
regulatory domains to the C-terminal tetramerization domain
allows variation in dimer orientation (18, 24, 25). For the home-
odomain, the intrinsically disordered N-terminal arm, which
binds the minor groove, and the third helix, which binds the
major groove, provide the two protein-DNA interfaces (55).

This type of interaction accelerated the rate of target recogni-
tion by the HoxD9 homeodomain by more than 3 orders of
magnitude (59). Thus, the flexibility of the N-terminal arm plus
the flexible “joint” between the N-terminal arm and the helical
portion of the homeodomain play a critical role in enhancing
the rate of searching.

Looping

DNA looping occurs when regulatory proteins or their com-
plexes simultaneously bind two DNA sites (Fig. 3D). Transient
looping may occur during brachiation/intersegment transfer,
but stable loops persist and impact transcription (60, 61). For
example, LacI looped complexes are significantly more stable
than LacI bound at a single site (62). In eukaryotes, looping can
place enhancers and promoters in direct physical contact (61).
Loop formation is influenced by DNA sequence and/or the
presence of ancillary proteins (61, 63).

For E. coli tetrameric LacI, distances between target opera-
tor-binding sites can vary from hundreds to more than a thou-
sand base pairs (62, 64). The natural lac operon has a spacing of
�400 bp between operators O1 and O2 and �100 bp between
O1 and O3 (64). The distances between binding sites, as well as
their relative rotation around the DNA helix, can greatly alter
transcription (64). In addition, protein flexibility is critical to
forming looped structures (24). For tetrameric LacI binding to
two operators, the two dimers adopt an “open” conformation

FIGURE 3. Schematics for different search modes of DNA binding. The LacI structure (dimer or tetramer) is used for most of these examples, with requisite
flexible regions highlighted with gold ovals. A, proteins can slide along the DNA backbone in search of specific binding sites. B, proteins can dissociate from DNA
and reassociate with the same or a different DNA in a “hopping” process. C, intersegment transfer and brachiation allow proteins with multiple binding sites to
move from one DNA segment to another via transient contacts to both DNA strands. This type of movement can be accomplished by an oligomeric protein
with two DNA-binding sites (e.g. LacI tetramer, left) or by a monomer with two separate DNA-binding regions within a single domain (e.g. Ubx homeodomain,
right, green with flexible N-terminal arm in gold oval). D, stable loops can be formed when two DNA-binding domains simultaneously form specific complexes
at DNA target sites. The two sites can be separated by stretches of DNA that vary widely in length. Prokaryotic looping (left) generally involves single proteins
(e.g. LacI tetramer) or a protein assisted by a nearby DNA bending protein (e.g. two GalR dimers and the bending protein HU) (60, 65). In contrast, multi-protein
complexes at eukaryotic promoters (right) can be highly complex and comprise multiple loops of varying stability that can encompass up to �106 bp (as in for
example Ref. 97).
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(i.e. the angle between the two dimers is increased relative to the
crystal structure (18)). Chemically cross-linking LacI N termini
across two dimers limits dimer-dimer mobility and precludes
looping (24). An alternative approach to effect looping is uti-
lized by the homolog GalR, which forms highly stable loops
with the assistance of protein HU to facilitate DNA bending
(65).

The substantial intrinsic disorder found in eukaryotic regu-
latory proteins greatly facilitates loop formation. Many eukary-
otic transcription regulators, including the Hox proteins, bind
to clusters of DNA sites (66). Both side-to-side cooperative Hox
binding to Hox-site clusters and back-to-back Hox-Hox inter-
actions between two clusters can enable looped structures (Fig.
2C) (66). Hox proteins can either form loops themselves or
recruit large protein complexes, such as the polycomb group
proteins, the cohesion complex, and the condensing complex,
to bridge distant DNA sequences (67) (Fig. 3D). In addition,
Ubx binds other transcription factors that have their own
DNA-binding sites near those of Ubx target DNA sequences
(45, 68). This arrangement provides opportunities for creating
combinatorial loops that are sensitive to cellular conditions and

allow response to cell-signaling stimuli. Importantly, the intrin-
sically disordered regions of Ubx are required for these heter-
ologous protein interactions (69).

Regulatory Mechanisms Exploit Protein
Flexibility/Disorder

Transcription regulation often requires that regulatory pro-
teins alter their DNA binding in response to external signals.
Both the LacI/GalR and the Hox proteins utilize flexibility and
disorder to transmit this incoming information to the DNA-
binding domain.

Allosteric Communication in the LacI/GalR Proteins

Effector binding to LacI/GalR proteins impacts several flex-
ible regions. For E. coli LacI, structures of free, DNA-bound,
and IPTG-bound protein (14, 70), along with molecular
dynamics simulations (23, 71, 72), have been used to study these
adaptable regions. The largest changes are found in the linker
region and in the N-subdomain interface of LacI (14, 23, 70).
Inducer binding alters the juxtaposition of the LacI N-sub-
domains to bring them into closer contact (Fig. 4A) (73). The

FIGURE 4. Functional regions in LacI/GalR and Ubx. A, adaptable regions of the LacI/GalR proteins are shown on a graphic of the homodimer superimposed
on a crystal structure (PDB file 1LBG) (14). The flexibility of these regions is critical to strong transcription repression and allosteric regulation. B, the flexible
interface between the LacI/GalR linkers and regulatory domains can facilitate allosteric response to multiple ligands (79). The LacI DNA-binding domain/linker
can be fused to the regulatory domains of other homologs (shown as schematic dimers) to create functional chimeric repressors (red bars in graph) with intact
allosteric response to small effector ligands (blue bars). Note that the “LLHP” chimera has the opposite allosteric response of LacI (79). DEL control indicates the
activity of reporter enzyme in the absence of repressor. C, regions within Ubx important for modulating its DNA binding. The upper red bracket indicates the Ubx
region that contains phosphorylation sites (38). Blue brackets below indicate sequences that interact with Ubx partner proteins (69). Yellow regions are
intrinsically disordered (32). The gold and brown striped region is both spliced and disordered (32, 38). The conserved hexapeptide motif important for Exd
interaction is dark gray, and the HD is black. D, example structures for three families of proteins that interact with Ubx. For the six partners of the DNA/RNA-
binding three-helical bundle family, the engrailed homeodomain is shown (PDB file 1ENH) (98); for the five partners of the �-� superhelix family, �-catenin is
shown (PDB file 1QZ7) (99); and for the six partners of the zinc finger C2H2/C2H2 family, Zif268 is shown (PDB file 1A1I) (100). Intrinsic disorder of Ubx regions
may be key for recognizing this wide range of partners (69).
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required flexibility in this region has been explored via
mutagenesis (74). A key residue is Lys-84, which is buried
within the otherwise apolar interface between the N-sub-
domains and changes positions in the bound and unbound
structures (14). When Lys-84 was substituted with Leu or Ala,
the allosteric response was diminished to �10-fold (as com-
pared with �104-fold for wild type), the kinetics of inducer
binding were greatly slowed, and protein stability was signifi-
cantly enhanced (74, 75).

The motion at the N-subdomain also alters the linker/hinge
helix of LacI. The point of closest approach between the two
linkers of a dimer is the side chain of Val-52. When this residue
was mutated to cysteine, a disulfide bond could be formed that
blocked allosteric response to inducer binding (76). Other sub-
stitutions at position 52 showed that extrinsic interactions,
such as interactions with operator DNA, had more influence on
LacI function and allosteric response than did the intrinsic pro-
pensity of amino acids for folding the hinge helix (77). The
length of the linker region is also important. When 1–3 Glu
residues were inserted after the hinge helix, LacI showed pro-
gressive decreases in DNA binding affinity and allosteric
response (78). Thus, this flexible linker region must be precisely
positioned (i) to allow communication between the DNA-bind-
ing and regulatory domains and (ii) to align the DNA-binding
domains within each dimer.

Nevertheless, linker flexibility facilitates tolerance to signifi-
cant sequence diversity (Fig. 4B). In fact, fully functional
hybrids were created by fusing the LacI DNA-binding domain/
linker to regulatory domains from other homologs. Each chi-
mera has the DNA binding specificity of LacI, ligand binding of
the parent regulatory domain, and allosteric response defined
by the regulatory domain (79). Thus, the interface between the
linker and regulatory domains is highly adaptable.

Hox Regulatory Mechanisms

Prokaryotic repressors are generally designed to respond to a
limited number of signals, often only one. In contrast, eukary-
otic Hox proteins integrate multiple input signals to generate
highly specific outcomes unique to the tissue and organism
(80). Further, these proteins must differentiate a plethora of
DNA sites with both cellular and tissue specificity (30). To that
end, many Hox proteins have several splice isoforms (e.g. Refs.
44 and 81), a variety of modification sites (e.g. phosphorylation)
(38, 82, 83), and a number of protein partners (Fig. 4C) (31, 45,
68). These regulatory mechanisms are frequently used to diver-
sify the functions of transcription factors (84). Although these
processes typically occur within intrinsically disordered
regions, their locations vary among Hox proteins.

In Ubx, all of the regulatory processes are associated with
intrinsically disordered regions that also regulate DNA binding
(32, 38, 44). To provide an example in each category: (i) when
Ubx interacts with partner protein DIP1 via these disordered
regions, Ubx transcription activation is precluded in vivo (68);
(ii) the conserved hexapeptide, which alters DNA binding spec-
ificity, and the homeodomain are connected by a disordered
linker that varies from 7 to 50 amino acids in length in alterna-
tively spliced isoforms, with the result that Ubx splicing iso-
forms regulate different genes and construct different tissues in

vivo (39, 40, 85); and (iii) Ubx is phosphorylated within the
disordered region of the transcription activation domain in a
tissue-specific manner, suggesting a regulatory function (37,
38).

The disordered regions also mediate Ubx binding to a variety
of heteroprotein partners, a critical element in Hox protein
function (45, 68, 69, 86). Hox proteins bind to components of
the transcription machinery (45, 87), as well as to other specific
transcription factors, to facilitate Hox regulation of the correct
subset of genes in different tissues (Fig. 4D) (45, 88, 89). For Ubx
partners identified by yeast two-hybrid methods, two key ele-
ments have emerged: (i) binding to many of these partners
requires the disordered regions within Ubx and (ii) partners can
be classified into specific “folds” (69). Indeed, of the selected
topologies, three folds include at least five Ubx partners, jointly
representing more than half of known Ubx partner proteins
(Fig. 4D). Different structural families preferentially bind differ-
ent disordered segments and splice isoforms of Ubx (69).

These regulatory mechanisms can influence one another
(80). For example, alternative splicing impacts Hox binding to
other proteins (39, 69). Likewise, phosphorylation of Hox pro-
teins can impact protein interactions and cooperative DNA
binding (90). Thus, regions that exhibit intrinsic disorder have
the potential to integrate multiple sources of information to
regulate and coordinate Hox functions.

Interestingly, the various disordered regions of Ubx can be
distorted to allow formation of biomaterials (91). Deleting the
disordered regions precludes self-assembly (92, 93). Two con-
sequences of intrinsic disorder have the potential to make these
materials commercially useful: (i) Ubx fibers are remarkably
strong and extensible (91, 92) and (ii) the disordered regions
allow fiber formation to accommodate a wide range of other
proteins fused to the Ubx sequence (94).

Conclusion

Although prokaryotic and eukaryotic proteins exhibit many
unique features, flexibility has emerged as key to transcription
regulation in both kingdoms. This feature of proteins permits
regulatory proteins to adapt to varied spacing among DNA-
binding sites and to engage multiple mechanisms of searching
for and binding to DNA target sites. Flexibility allows the vari-
ety of protein interactions required to construct complex DNA
structures such as loops, either by direct binding or through
interactions with other proteins. Finally, flexibility, and indeed
in some cases, extensive disorder are required for regulation of
transcription factor function through allosteric ligand binding,
protein sequence alterations (splicing and/or posttranslational
modifications), and/or protein-protein interactions. The mul-
tiple modes by which flexibility enables transcription regula-
tion generate both diverse and highly effective mechanisms for
an organism to respond to a varied local cellular environment as
well as features essential for the development and function of
multicellular organisms.
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Protein interactions are fundamental to the proper function-
ing of cells, and aberrant formation or regulation of protein
interactions is at the heart of many diseases, including cancer.
The advancement of methods to study the identity, function,
and regulation of protein complexes makes possible the under-
standing of how those complexes malfunction in human dis-
eases. New methodologies in mass spectrometry, microscopy,
and protein structural analysis are rapidly advancing the
amount and quality of the data, as well as the level of detail that
can be obtained from experiments. With this progress, the ques-
tions that can be addressed and the biological landscape are
changing. This series of minireviews highlights methodological
advances and how they have been applied in novel ways to
explore the function and regulation of pathways and dynamic
networks in cells.

The analysis of protein function and regulation is fundamen-
tal to the understanding of diseases and how to control them.
Inherent in the understanding of protein function and regula-
tion are elucidating protein interactions, determining how
complexes modulate signaling, and ascertaining the outcome of
responses to stress and disease. Methods for studying protein
interactions are rapidly advancing, becoming more sensitive,
and providing insights that would have been unthinkable just a
few years ago. The minireviews in this Thematic Series address
some of those new methods and how they have been applied to
investigate protein-protein and protein-nucleic acid interac-
tions. Three minireviews discuss protein interactions that take
place in the nucleus, focusing on mismatch repair, chromatin
complexes, and nuclear viral DNA sensors. Two minireviews
consider the dynamics of protein interactions and the effects of
protein misfolding, which are central to several disease states.
Lastly, recent findings on signaling complexes downstream of
the T cell antigen receptor, which regulate the adaptive im-
mune response, are described.

The first minireview in the series, by Fishel, details how
structural biology and real-time single molecule imaging have

advanced our understanding of the protein motions involved in
mismatch repair (MMR)2 (1). MMR, which is coupled to repli-
cation, is an excision-resynthesis reaction that initiates from a
strand scission distant from the mismatch and extends to just
past the mismatch. Real-time single-molecule analyses have
provided critical insights into the time-dependent activities of
the MMR proteins, complementing the static structures pro-
vided by x-ray crystallography. Importantly, the combined
studies have allowed the development of detailed models for
mismatch repair by the MutS homologue family of MMR
proteins.

The second minireview, by Hoffman, Frey, Smith, and Auble,
describes the use of formaldehyde for crosslinking proteins and
nucleic acids in cells, with a particular emphasis on the effects
mediated by formaldehyde in cells (2). Formaldehyde is widely
used in the chromatin field to study protein-DNA complexes
and has proven invaluable for stabilizing transient complexes
that otherwise could not be isolated. For example, ChIP assays
are used to identify the sites of transcription factor binding with
high precision. Unbiased approaches to identify proteins that
bind to specific DNA sequences, however, remain technically
challenging, in part due to the mild reaction conditions used to
minimize spurious crosslink reactions. Several aspects of form-
aldehyde chemistry are discussed, including specificity and sta-
bility in cells and methods used to quench unreacted reagent.
These reactions are not trivial, as either too little or too much
formaldehyde can lead to low recovery of crosslinked species,
due to a paucity of crosslinked material for the case of too little
crosslinking agent or possibly the presence of insoluble com-
plexes or masked epitopes when too much is used. A better
understanding of the effects of formaldehyde in the cell is
imperative as more complex questions are investigated, such as
the dynamics and higher-order structures that can form, as well
as to ensure that the experimental design does not affect the
chromatin structures being studied.

The progression of a viral infection is determined by the
dynamic interplay between host defense mechanisms and viral
modulatory strategies. Traditionally, it has been thought that
detection of viral DNA occurs only in the cytoplasm to prevent
detection of “self” DNA; however, that view is shifting, and
recent studies have identified sensor proteins that detect viral
DNA within the nucleus and activate the expression of antiviral
cytokines. In the third minireview, Diner, Lum, and Cristea
report on this evolving field, with an emphasis on the interfer-
on-inducible protein IFI16 as the first nuclear sensor (3). Fol-
lowing infection with herpesviruses, IFI16 binds nuclear viral
DNA to initiate an immune signaling cascade from within the
nucleus. Aside from its role in innate immune signaling, IFI16
has also been shown to use a multiprotein complex, the “inflam-
masome,” to initiate inflammatory and apoptotic responses to
foreign DNA, although this new role is not firmly established.
DNA sensing is also emerging as critical for control of RNA
viruses, including HIV. In the escalating arms race between
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virus and host, distinct viral mechanisms have evolved for
inhibiting and/or circumventing the functions of the sensor.
Future insights on host-virus interactions could suggest new
paths for the development of antiviral therapies.

Many signal transduction cascades are regulated by higher-
order assemblies of multiprotein complexes. Among them are
the pathways dependent on the binding of the T cell receptor
(TCR) to its cognate antigen, which lead to T cell activation,
differentiation, and function. The fourth minireview by Balago-
palan, Kortum, Coussens, Barr, and Samelson summarizes the
current views on the dynamics and function of signaling com-
plexes that form with the membrane-bound adapter protein
LAT (liner for activation of T cells) downstream of the T cell
receptor (4). A variety of methods, including genetic, biochem-
ical, and biophysical approaches, have been used to study sig-
naling complex formation and their assembly into microclus-
ters that can be visualized by light and super-resolution
microscopy. Super-resolution microscopy has further revealed
that the microclusters comprise nanoclusters in a distribution
of sizes. Insights gained from the studies of LAT-based signal-
ing complexes in T cells not only help inform the development
of inhibitors of signaling, but can also be used as a basis to study
other signaling systems.

In the fifth minireview, Landreh, Rising, Presto, Jörnvall, and
Johansson detail the critical role of specific chaperones in the
control of amyloid formation (5). Amyloids can be both bene-
ficial and harmful to the cell; the inherent self-propagation and
stability can be beneficial in functional amyloids, such as those
that deactivate transcription factors in yeast or function as scaf-
folds for reaction intermediates, whereas those same features
can be quite harmful, as in amyloid diseases. Some protein
sequences are more prone to aggregation, requiring mecha-
nisms to protect those regions. One solution is the evolution of
specific chaperone pro-protein domains, such as the BRICHOS
homologues. For example, the lung surfactant protein SP-C is
translated as a pro-protein with a BRICHOS domain that pre-
vents SP-C aggregation by promoting the non-amyloidogenic
helical fold and preventing protein-protein interactions that
would lead to amyloid formation. New understandings of the

mechanisms by which BRICHOS domains prevent amyloid for-
mation provide new strategies for the prevention of the effects
of disease-related amyloids and demonstrate the features criti-
cal for achieving this function.

In the final minireview, Phillips and Corn present how the
conformational dynamics of ubiquitin, the ubiquitin-conjugat-
ing machinery, and deubiquitinating enzymes are used in the
cell to facilitate signaling and regulation on multiple different
levels (6). Ubiquitin is a highly conserved eukaryotic protein
that interacts with a diverse set of partners to act as a cellular
signaling hub. Although ubiquitin is an extremely stable pro-
tein, internal conformational motion and flexibility play impor-
tant roles in protein-ubiquitin interactions and may be critical
to the discrimination of ubiquitin-mediated signals. In addition
to the intrinsic dynamics within monomeric and polymeric
ubiquitin, the multiprotein complexes that ubiquitinate sub-
strates are also dynamic, such as the conformational rearrange-
ments of some E3 ligases, which are critical for regulation of
their activity. Likewise, dynamics within the deubiquitinating
enzymes are critical for regulation of their function and pre-
venting promiscuous activity. Protein motion plays a key role in
ubiquitin signaling, and the studies of it reveal biological func-
tions for “invisible” conformational dynamics in living cells.
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Highly conserved MutS homologs (MSH) and MutL homo-
logs (MLH/PMS) are the fundamental components of mismatch
repair (MMR). After decades of debate, it appears clear that the
MSH proteins initiate MMR by recognizing a mismatch and
forming multiple extremely stable ATP-bound sliding clamps
that diffuse without hydrolysis along the adjacent DNA. The
function(s) of MLH/PMS proteins is less clear, although they too
bind ATP and are targeted to MMR by MSH sliding clamps.
Structural analysis combined with recent real-time single mol-
ecule and cellular imaging technologies are providing new and
detailed insight into the thermal-driven motions that animate
the complete MMR mechanism.

Mismatched nucleotides in DNA can result from polymerase
misincorporation errors, recombination between heteroallelic
parental DNAs, and chemical or physical damage to nucleo-
tides. MMR2 was conceived simultaneously in 1964 by Evelyn
Witkin to explain brominated nucleotide processing in bacteria
and by Robin Holliday to explain gene conversion in yeast (1, 2).
A DNA excision-resynthesis reaction was envisioned that
would degrade one strand and use the complementary strand as
a repair template to eliminate the mismatch (Fig. 1A). A genetic
basis for MMR was established when the hexA mutation of
Pseudomonas was found to be defective in gene conversion (3).
The HexA gene turned out to be a homolog of the “Siegel Muta-
tor” (MutS) of Escherichia coli (4), which with the Salmonella
LT7 Mutator (MutL (5)), the Hill Mutator (MutH (6)), and
MutU (UvrD; Fig. 1A) (7) added to a growing list of genes, with
historical roots in the 1954 description of the “Treffers Muta-
tor” (MutT) (8). Mutation of these Mut genes substantially ele-
vated spontaneous mutation rates (hence the designation as a
Mutator). Today, most of the Mut genes are known to play a
role in genome maintenance (9).

MutS, MutL, MutH, and UvrD were connected to MMR of
polymerase misincorporation errors in 1980 (10). Faithful exci-

sion of the error-containing strand was found to target the
unmethylated strand of a newly replicated hemimethylated
(hm) DNA adenine methylation (Dam) GATC site (Fig. 1A)
(11). Unfortunately, Dam-instructed MMR only operates in a
subset of �-proteobacteria such as E. coli. The mechanism of
strand discrimination in eubacteria, archaea, and eukaryotes
remains uncertain. Not surprisingly, the core MutS homologs
(MSH) and MutL homologs (MLH/PMS) are highly conserved
throughout the taxonomic domains, although some cellular
functions have diverged with evolution (Fig. 1A; Table 1).

In 1993, the human HsMSH2 gene was linked to the common
cancer predisposition Lynch syndrome or hereditary non-pol-
yposis colorectal cancer (LS/HNPCC (12)). That observation
was rapidly verified with the association of other MSH and
MLH/PMS genes to LS/HNPCC and sporadic cancers (for
review, see Ref. 13). These discoveries solidified a role for MMR
in human tumorigenesis and provided support for the hypoth-
esis that Mutators might be driving the large numbers of muta-
tions found in cancer (14, 15). It also started a campaign to
connect any gene remotely associated with DNA metabolism to
genome instability. Interestingly, The Cancer Genome Atlas
(TCGA) data clearly shows that most mutations found in
human tumors are single base substitutions (16). The implica-
tion of these results is that an identifying feature of genuine
drivers of genomic instability should be the production of single
base substitutions or at least a demonstration of altered muta-
tion rates.

In addition to MMR, the core MSH and MLH/PMS machin-
ery has been linked to DNA damage signaling (17, 18) as well as
the suppression of recombination between partially homo-
logous parental DNAs (termed: homeologous recombination
(19)). Although studies have shown that MMR is coupled to
S-phase, both damage signaling and homeologous recombina-
tion are not tied to DNA replication (20). While this review will
not discuss the mechanisms of DNA damage signaling and
homeologous recombination (see Ref. 19), the possibility that
MSH and MLH/PMS proteins have fundamentally different
biophysical functions in these processes seems unlikely.

Mismatch Repair in Vitro

The random nature of polymerase misincorporation errors
has made mechanistic studies of MMR in vivo difficult and de-
pendent on biochemical analysis. Reconstitution of the E. coli
(Ec) MMR reaction began in 1983 and utilized a DNA substrate
containing two overlapping restriction enzyme sites with a cen-
tral mismatch (Fig. 1B) (21). Strand specificity of DNA exci-
sion-resynthesis was easily determined based on which of the
two initially restriction-resistant sites was used as a template
during MMR. The repair reaction was dependent on a nearby
hmGATC site (21) and was found to be bidirectional in that
excision could be initiated either 3� or 5� of the mismatch
depending on the location of the hmGATC site (22). In 1989, a
complete system was reconstituted with purified components
that, in addition to EcMutS, EcMutL, EcMutH, and EcUvrD,
included single-stranded binding protein, the polymerase III
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holoenzyme complex, and DNA ligase (23). The 3�35� EcExoI
exonuclease was used in the original reconstitution because the
hmGATC was 3� of the mismatch. Later genetic analysis
showed that EcExoI was one of four redundant exonucleases
associated with E. coli MMR (24). The other exonucleases
included the 5�33� EcRecJ, the bidirectional EcExoVII, and the
3�35� ExoX, which together accounted for bidirectional MMR
excision (24). These studies also convincingly demonstrated
that EcMutS, EcMutL, EcMutH, EcUvrD, and an exonuclease
exclusively instigated the MMR excision reaction. Single-
stranded binding was required to protect the nascent ssDNA
tract, which started at the hmGATC site and continued to just
past the mismatch (25). Gap resynthesis and sealing appeared
completely independent of the MMR excision process and did
not require any special components outside the polymerase III
holoenzyme complex and DNA ligase.

Reconstitution of eukaryotic MMR followed soon after the
recognition that eukaryotic MMR required a preexisting strand
scission (26). Interestingly, the eukaryotic reaction appeared
nearly identical to E. coli in that it was bidirectional, and the

excision tract began at the strand scission and continued to just
past the mismatch (27). However, the eukaryotic MMR exci-
sion components for the 3�- and 5�-reactions were not identical
(28 –31). Like E. coli, 3�-excision required an MSH (MSH2-
MSH6), an MLH/PMS (MLH1-PMS2), an exonuclease (EXOI),
and the single-stranded binding heterotrimer RPA. Unlike
E. coli, both the eukaryotic replicative processivity clamp
PCNA and its clamp loader replication factor C (RFC) were
found to be essential for 3�-excision, independent of the repli-
cative polymerase or DNA synthesis (32). In contrast, the 5�-ex-
cision reaction appeared much simpler, requiring only an MSH
(MSH2-MSH6), EXOI, and RPA. Interestingly, there was no
helicase requirement for either the 3�-eukaryotic or the 5�-eu-
karyotic MMR reaction. This distinction almost certainly
reflects the significant differences in MMR exonucleases;
eukaryotic EXOI will initiate excision at a dsDNA strand scis-
sion, whereas the E. coli exonucleases act only on ssDNA.

MMR Model Version 1.0

By the mid-1980s, it was clear that the distribution of Dam
GATC sites in E. coli was relatively random, which meant that
the distance between a mismatch and the excision initiation site
could be several thousand base pairs. The obvious question was:
How does the MMR system communicate mismatch recogni-
tion to a distant excision initiation site?

Initial biochemical analysis showed that EcMutS recog-
nized mismatch nucleotides (33), whereas EcMutH recog-
nized and introduced a strand scission at a hmGATC site
(34). Purified EcMutL increased the footprint of EcMutS on
mismatched DNA (35), interacted with the EcUvrD helicase
(36), and activated the EcMutH hmGATC endonuclease (37,
38). A pre-existing strand scission completely eliminated the
EcMutH requirement for MMR in vitro (23), effectively con-
verting it into a reaction that would eventually be recognized
as similar to eukaryotes.

These activities fit nicely into a relatively straightforward
Hydrolysis-dependent Translocation Model (Version 1.0) that
solved the “distant-initiation” question by proposing that the
EcMutS and EcMutL proteins formed a stable complex at the
mismatch, creating a motor that used the energy of ATP hydro-
lysis to pull the DNA from both sides of the mismatch into a
loop (39). In time, the motoring would presumably encounter
an hmGATC site and recruit EcMutH to introduce a strand
scission. That incision event would be followed by conscription
of EcUvrD to unwind the DNA and present it to an ssDNA
exonuclease for strand excision back toward the mismatch.

Although consistent with biochemical paradigms of the era,
several perplexing mechanical issues were immediately ap-
parent. For example, how would control of the opposing
EcMutS�EcMutL motor driving along the DNA away from the
mismatch be managed with the EcUvrD DNA helicase motor
driving unwinding and excision toward the mismatch? How
would a single large multi-protein assembly remain stable for
the many minutes required to motor successively from the mis-
match to a strand scission and then recruit more components
to excise hundreds to thousands of nucleotides back to the
mismatch?

FIGURE 1. The mismatch repair reaction. A, illustration of the MMR excision-
resynthesis process. The �-proteobacteria components that direct strand-
specific excision are shown in blue; bacterial (outside �-proteobacteria),
archaeal, and eukaryotic components are shown in black. The resynthesis on
the exonuclease gap is performed by the replicative polymerase, and the
remaining strand scission was sealed by DNA ligase. B, diagram of a simple
MMR DNA substrate containing overlapping restriction sites containing a
mismatch that result in resistance to endonuclease restriction. Strand scis-
sion-directed excision-resynthesis results in replacement of one strand and a
gain of restriction sensitivity (EcoRI) that is diagnostic for which strand was
used as a template.
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Biochemical analysis determined that the prokaryotic and
archaeal MSH and MLH/PMS proteins functioned as
homodimers, whereas the eukaryotic homologs functioned as
heterodimers expressed from divergent genes that also evolved
extended mismatch, lesion, and structure recognition proper-
ties (Table 1) (40 – 43). Evidence that EcMutS formed a
tetramer was used to support complex formation and bidirec-
tional movement in the Hydrolysis-dependent Translocation
Model (94). However, mutations that specifically block
tetramer formation have no effect on MMR in vivo (44), and
there is no evidence that any other MSH form tetramers.

Conformations and Structures of MMR Proteins

The MSH proteins are related to the AAA� family of
ATPases and contain a highly conserved Walker A/B nucle-
otide-binding motif (45, 46). In 1997, the human HsMSH2-
HsMSH6 ATPase was shown to be controlled by mismatch-
provoked ADP3ATP exchange (47). This property appeared
similar to GDP3GTP exchange by G-protein molecular
switches (48). That observation was followed by studies that
showed MSH ATP binding resulted in the formation of a hy-
drolysis-independent sliding clamp that freely diffused along
the DNA (49).

Asymmetric ATP binding, hydrolysis, and product release
between MSH subunits were observed and ultimately deter-
mined to restrain unregulated ADP3ATP exchange (50 –53).
Misunderstanding the functions of asymmetric MSH ADP/
ATP processing led to the persistence of the Hydrolysis-depen-
dent Translocation Model because one could imagine alternat-
ing ATP binding and hydrolysis by subunits as a mechanism for

inchworm-like movement along a DNA strand (MMR Model
Version 1.1) (94). However, mismatch-, lesion-, or structure-
provoked ADP3ATP exchange that results in the formation of
freely diffusible ATP-bound sliding clamps is a central feature of
all MSH proteins examined to date (38, 42, 43, 47, 49), which
appears largely inconsistent with both MMR Model Version 1.0
and MMR Model Version 1.1.

Remarkably similar structures of MSH proteins bound to
mismatched DNA have emerged (54 –57). In all cases, there is a
clamp-like configuration with a highly conserved Phe residue
interrogating the DNA 3� of the mismatch that obligatorily
induces a 45– 60° bend in the backbone. Only nucleotide-free or
ADP-bound structures have been crystallized. Infusion of ATP
or ATP�S destroyed the crystals (56), consistent with addi-
tional unresolved protein conformations. Several MSH struc-
tures infused with ADP-BeF2 or AMP-PNP appear to trigger
modestly altered structures (58). However, biochemical studies
have shown that MSH proteins either do not bind AMP-PNP or
remain bound to the mismatch, unable to form of a sliding
clamp (47, 53), suggesting that these structures do not repre-
sent a bona fide ATP-bound MSH.

The shared function(s) of MLH/PMS proteins in MMR has
been less transparent. MLH/PMS contain a gyrase, Hsp90, his-
tidine kinase, Mutl (GHKL) superfamily ATP-binding motif
(59) and an extremely weak ATPase activity that is required for
MMR (60, 61). Atomic force microscopy has suggested that the
ScMlh1-ScPms1 heterodimer undergoes ATP-dependent con-
formational contractions between the C-terminal dimer-het-
erodimer interaction domain and the N-terminal ATP-binding

TABLE 1
Conservation of mismatch repair components
Bold text indicates original bacterial MMR genes. IDL, insertion-deletion loop-type mismatches; ICL. inter-strand crosslink repair; SSA, single-strand annealing recombi-
nation repair; HR, homologous recombination.

E. coli S. cerevisiae Human Function Role

MutS ScMsh1 — Recognition of mismatches Mitochondrial MMR
ScMsh2-ScMsh6
HsMSH2-HsMSH6 Recognition of mismatches

and small IDLs; Sliding
clamp

MMR; ICL repair; gene
conversion; heteroduplex
rejection

ScMsh2-ScMsh3 HsMSH2-HsMSH3 Recognition of large IDLs and
branched structures; sliding
clamp

MMR; 3�-flap processing; SSA and triplet-repeat
intermediate stabilization

MutS2a ScMsh4-ScMsh5 HsMSH4-HsMSH5 Recognition of Holliday junctions;
Holliday junction
intermediates; sliding clamp
linking two DNAs

Meiosis I; chromosome pairing and segregation

MutL ScMlh1-ScPms1 HsMLH1-HsPMS2 Downstream mediator;
endonuclease

MMR; gene conversion

ScMlh1-ScMlh2 HsMLH1-HsPMS1 ? ?
ScMlh1-ScMlh3 HsMLH1-HSMLH3 MMR (?); downstream mediator

of MSH4/5 sliding clamps;
endonuclease (?)

Meiosis; crossover mediator

MutH

UvrD ScSgs1 HsRECQ1HsBLM HsWRN Structure-selective DNA helicase MMR (E. coli only); unwinding DNA during
recombination

RecJb ScExo1 HsEXO1 5�33� exonuclease MMR; HR

ExoVII Bidirectional exonuclease MMR (E. coli)
ExoI, ExoX 3�35� exonuclease MMR (E. coli)

a Not present in E. coli but present in several eubacteria (see Molloy (101)).
b Directional but not functional or structural conservation with EXOI.
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and ATP-dependent dimerization domain (62). The function, if
any, of these conformational transitions is unknown. EcMutL
and ScMlh1-ScPms1 have been shown to bind ssDNA in very
low ionic strength conditions (63, 64). However, this activity
becomes nearly undetectable at physiological ionic strength
(64). ATP binding by EcMutL enhances the EcMutH endonu-
clease activity (38). However, MLH/PMS ATP binding is not
required to form a stable complex with MSH sliding clamps
(38, 65).

MLH/PMS proteins outside �-proteobacteria were found to
contain an intrinsic ATP-stimulated endonuclease activity (66).
It has been suggested that the MLH/PMS endonuclease might
substitute for the MutH endonuclease. This parallel seems
rather unlikely because the MLH/PMS endonuclease appears
to introduce multiple strand scissions during MMR (66). The
MLH/PMS endonuclease is most efficient in the presence of
manganese divalent cation and may also be modestly stimu-
lated by zinc (66). The divalent cation requirement of the MLH/
PMS endonuclease in vitro remains puzzling because the abun-
dance of manganese in vivo would appear insufficient to
support significant activity. However, as might be predicted,
the Thermus thermophilus TtMutL endonuclease is only acti-
vated upon its association with ATP-bound TtMutS sliding
clamps (67).

PCNA loaded onto DNA by RFC significantly stimulates
yeast and human MLH/PMS endonuclease activity (30, 66).
Moreover, the orientation of PCNA appears to influence the
directionality of the MLH/PMS endonuclease (68). These
observations are consistent with specific interaction surfaces
between the MSH�MLH/PMS complex and PCNA. How these
surfaces support unambiguous 3�- and 5�-excision following
the apparently random loading of MSH sliding clamps and sub-
sequent specific complex formation with MLH/PMS remains
an important question.

Initiating MMR Outside �-Proteobacteria

Where does the strand scission arise that targets MMR out-
side of �-proteobacteria? Recently, it was suggested that misin-
corporated ribonucleotides during replication may be the
source of strand-specific breaks (69, 70). The idea is that the
RNase H2 (RTH2) removes misincorporated ribonucleotides
during S-phase, leaving a strand scission on the newly repli-
cated DNA strand that might then faithfully direct MMR exci-
sion. Unfortunately, this hypothesis does not account for the
observation that ribonucleotides are incorporated on average
every 6 – 8 kb during replication (71), which appears signifi-
cantly longer than MMR excision tracts, and the Mutator phe-
notype of rnh2 mutations is at least 100-fold less than authentic
MMR gene mutations (e.g. mutH mutations have an approxi-
mately equivalent Mutator phenotype to mutS and mutL muta-
tions (72)).

A competing hypothesis proposes that remnant leading and
lagging strand scissions that are left in the DNA following rep-
lication are used to direct replication-coupled MMR. This idea
is consistent with the historical observation of persistent strand
scissions associated with Okazaki fragments on the lagging
strand, as well as the requirement of replication processivity

clamp PCNA to direct MLH/PMS endonuclease activity for
3�-excision.

Real-time Single Molecule Imaging

The MMR protein structures appearing in the literature at
the turn of the millennium led to the Static Transactivation
MMR Model (Version 2.0). It was based on marrying the crystal
surfaces of individual MMR proteins and proposing the forma-
tion of a static MSH�MLH/PMS complex on the mismatch. The
distant-initiation problem was solved by envisioning that the
complex could capture a looping strand scission via a three-
dimensional (3D) collision (73). However, placing a stable bio-
tin-streptavidin roadblock between the mismatch and strand
scission site completely inhibited MMR, effectively eliminating
this model and clearly implicating some type of DNA translo-
cation process (74, 75). These studies underscored a major
problem with model building based on static crystal structures
that continues until now (55). It has also ushered in the era of
real-time single molecule (SM) imaging (76), which has high-
lighted the importance of the vigorous thermal motions that
ultimately animate biology (77–79).

At least three dynamic and functionally distinct forms of
MSH have been visualized on DNA containing a mismatch by
real-time SM imaging (Fig. 2A). Tracking Thermus aquaticus
TaMutS showed that it formed an incipient clamp while
searching for a mismatch. This TaMutS-searching clamp
exhibited facilitated one-dimensional (1D) rotational diffusion
while in continuous contact with the helical backbone (78). In
effect, a searching TaMutS moved along the DNA much like a
nut rotating on a screw. At physiological ionic strength, this
search lasts for �1 s and is calculated to examine �1000 bp of
naked DNA. A similar mismatch search mechanism was theo-
rized for the ScMsh2-ScMsh6 heterodimer (76) and is likely
conserved in all MSH proteins.

When an MSH encounters a mismatch, it pauses for �3 s
(Fig. 2A) (79). One imagines that this pause is required to form
the static clamp exhibited in structural studies, which then pro-
vokes ADP3ATP exchange (38). Nearest neighbor analysis
coupled with NMR has suggested that enhanced MSH mis-
match recognition is tied to DNA flexibility surrounding the
mismatch (80). One could easily envision dynamic thermal
bending at the mismatch, compared to a normally smooth
DNA backbone, as the distinction that elicits the pause in MSH
diffusion. The detection of DNA contour alterations and not
the mismatch itself would explain the wide range of mismatch/
lesion recognition properties exhibited by MSH proteins (80).
Although altered nucleotide stacking has been suggested to
account for MSH recognition (81), the hierarchy of mis-
matched nucleotides that activates the MSH ATPase appears
exactly opposite to that expected for such a conclusion (80). It is
more likely that mismatch-induced changes in nucleotide rise,
twist, tilt, and roll ultimately increase the degrees of freedom of
glycosidic and phosphate bonds, enhancing DNA thermal flex-
ibility (Ref. 80) and references therein).

Consistent with bulk studies (49), ATP binding resulted in
the real-time observation of an MSH hydrolysis-independent
sliding clamp (Fig. 2A) (78, 79). Also, as predicted, the release of
one MSH sliding clamp from the mismatch allowed the loading
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of multiple MSH sliding clamps that diffuse independently
along the DNA (49, 78). The first SM imaging surprise was that
ATP-bound MSH sliding clamps were incredibly stable on the

DNA, with a lifetime of �10 min (79). The second surprise was
that the thermal diffusion mechanics were quite different when
compared with an MSH searching for a mismatch (78). Instead
of rotational diffusion that follows the DNA backbone, the
ATP-bound MSH sliding clamps rotate freely while in discon-
tinuous contact with the DNA (78). This makes their move-
ment on DNA much like a washer on a screw. In addition, the
diffusion coefficient of an ATP-bound sliding clamp increases
at least 3-fold over a searching clamp, which with the lifetime
dramatically increases the calculated coverage of an MSH on
naked DNA by thermal motion alone to tens of thousands of
nucleotides.

In addition to real-time SM imaging, genetic and biochemi-
cal observations suggest that multiple long-lived ATP-bound
MSH hydrolysis-independent sliding clamps are the single
most critical intermediates in initiating MMR. First, ATP bind-
ing- or hydrolysis-deficient MSH mutations located in the
Walker A/B-binding motif retain strong mismatch binding
activity, but are deficient for MMR (65, 82– 86). Second, the
ability to form a sliding clamp strictly correlates with biological
function, whereas mismatch/lesion/structure binding is neces-
sary but not sufficient for biological function (42, 43, 65, 83,
87– 89). Finally, stoichiometry studies suggest that 4 – 8 MSH
molecules appear associated with a single repair event in vitro
(30, 31). The take-home lesson from these many observations is
that when examining MSH function(s), one must develop bio-
chemical conditions in which the formation of ATP-bound
sliding clamps is robust and stable.

MLH/PMS real-time SM imaging studies have not yet clari-
fied their actions. Using high-throughput DNA curtain tech-
nology, the ScMlh1-ScPms1 heterodimer was shown to occa-
sionally form a clamp-like structure that was both capable of
long-range hopping-sliding diffusion and adept at passing
around a stable nucleosome (90). This observation contrasts
the diffusion of MSH proteins that are blocked by nucleo-
somes (90), until a critical mass of stable ATP-bound sliding
clamps are loaded, which are then capable of displacing the
histone octamer (91, 92). When associated with ATP-bound
sliding clamps, the diffusion characteristics of the ScMsh2-
ScMsh6�ScMlh1-ScPms1 complex appeared similar to
ScMsh2-ScMsh6 alone (93). A major puzzle is how these SM
diffusion and interaction data mesh with atomic force
microscopy observations showing compaction of the
ScMlh1-ScPms1 heterodimer (62). An intriguing hypothesis
would be that regulated compaction of MLH/PMS might
alter the biophysical characteristics of the MSH sliding
clamp promoting efficient and/or controlled downstream
interactions along the DNA helix. This would effectively
make MSH sliding clamps a stable but diffusible platform for
MLH/PMS function(s).

A Framework MMR Model (Version 3.0)

The Molecular Switch MMR Model (Version 3.0) was pro-
posed nearly two decades ago and solved the distant-initiation
problem with simple 1D facilitated thermal diffusion (38, 47,
49, 95). The original concept was based on the hypothesis that
ATP binding (not hydrolysis) drives conformational transitions
in MMR components, which capture and ultimately utilize nor-

FIGURE 2. The molecular switch model. A, common MSH transitions during
the mismatch search, recognition, and ATP-bound sliding clamp formation
for all known organisms. From left to right: mismatch searching MSH, mis-
match-bound MSH, and ATP-bound MSH sliding clamp. Diffusion character-
istics and dwell times are detailed above/below each transition state. See text.
B, downstream interactions of �-proteobacteria such as E. coli. 1) The forma-
tion of multiple ATP-bound MutS sliding clamps (A) attracts MutL, which dif-
fuses along the DNA as multiple MutS�MutL complexes. 2) The interaction of
one MutS�MutL complex activates MutH, which introduces a strand scission
on the unmethylated strand of a GATC Dam methylation site. 3) Following
MutH incision, the MutS�MutL�MutH complex spontaneously dissociates. 4) A
following MutS�MutL sliding clamp complex interacts with UvrD, which is
attracted to the single-strand scission and stabilizes its DNA binding. 5) The
MutS�MutL clamp complex enhances the processivity of the UvrD helicase,
allowing strand unwinding and presentation of the single-stranded DNA to
one of the four MMR exonucleases. SSB, single-stranded binding. 6) The pro-
cess in B5 is iterative until the mismatch is released, eliminating the loading of
additional MutS sliding clamps. See text.
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mally occurring thermal motions (termed: rectified Brownian
motion (96)). The evidence that MSH proteins function as a
mismatch-dependent molecular switch appears overwhelming
(Fig. 2A). A transition of binding proteins to one-dimensional
rotational diffusion along the DNA backbone is a well known
mechanism that speeds a search process. However, mismatch-
provoked ADP3ATP exchange by MSH proteins, which then
results in the formation of a freely diffusible sliding clamp that
is �600-fold more stable on the DNA than a searching MSH,
appears to fully satisfy the definition of a molecular switch
undergoing allosteric-driven rectified Brownian motion (Fig.
2A).

For E. coli, a complete Molecular Switch Model predicts
multiple ATP-bound MutS sliding clamps that provide stable
platforms for MutL association (Fig. 2B, 1), and support con-
trolled interaction with the downstream effectors such as
MutH and UvrD (Fig. 2B, 2, 3, and 4). Following MutH ac-
tivation (Fig. 2B, 2), the spontaneous turnover of the
MutS�MutL�MutH incision-initiating complex was proposed
(Fig. 2B, 3) because its function in MMR is complete. The load-
ing of multiple ATP-bound MutS sliding clamps ensures that a
second MutS�MutL complex is in place to form a complex with
UvrD, which would be attracted to the incipient strand scission
(Fig. 2B, 4). Like the MutSLH complex, ATP binding by MutL
was proposed to stabilize the interaction between MutS�MutL
and UvrD (Fig. 2B, 4). This would in effect make MutL a second
molecular switch where ATP binding induces a conformational
transition that controls downstream complex formation. One
imagines that the interaction between UvrD and the MutS�
MutL clamp complex on the DNA might enhance the pro-
cessivity of its helicase unwinding activity much like PCNA
enhances the processivity of replicative polymerases. UvrD
unwinding would ultimately present an ssDNA end to an exo-
nuclease (Fig. 2B, 5). This latter point is important because to date
there have been no observed interactions between the E. coli exo-
nucleases and the core MMR machinery. If/when spontaneous
turnover of the MutS�MutL�UvrD complex results in its dissocia-
tion, a following sliding clamp complex may iteratively pick up
where the last left off until the mismatch is excised and no addi-
tional MSH sliding clamps may be loaded (Fig. 2B, 5 and 6). It is the
loading of multiple MSH�MLH/PMS complexes that ensures
MMR is both dynamic and redundant such that repair is almost
always faithfully completed.

The mechanism of MMR outside of �-proteobacteria
appears similar if not largely identical to that proposed above
(Fig. 3). The first step is loading multiple ATP-bound MSH
sliding clamps that then provide a platform for additional MMR
component associations (Fig. 2A). For 5�-excision, a simple
interaction between MSH2-MSH6 and EXOI (Fig. 3A, 1) (97–
99) generates an excision tract (Fig. 3A, 2 and 3) that appears to
be regulated by RPA (28 –31). Bulk biochemical analysis of the
human reaction has suggested that HsMLH1-HsPMS2,
although not essential, plays a role in termination of the 5�-ex-
cision tract just past the mismatch (31). Such a function would
be consistent with a controlling role for HsMLH1-HsPMS2.

In contrast, 3�-excision requires the MSH�MLH/PMS com-
plex to interact with PCNA (Fig. 3B, 1) loaded at the 3�-strand
scission to activate the MLH/PMS endonuclease (Fig. 3B, 2).

Once activated, the MLH/PMS introduces multiple strand scis-
sions between the 3�-end to just past the mismatch (Fig. 3B, 3).
One can envision at least two types of dynamic structures: 1) the
MLH/PMS might be sandwiched between the MSH and PCNA
sliding clamps, which together provide some diffusion-con-
trolled processivity to the endonuclease incisions, or 2) the
MSH could hand off the MLH/PMS to PCNA, which alone
could provide diffusion-controlled processivity to the endonu-
clease incisions. This latter possibility appears to be supported

FIGURE 3. The molecular switch model for eukaryotes. The 5�- and 3�-exci-
sion reactions require different components, but both processes start with
the loading of multiple ATP-bound MSH sliding clamps. A, 5�-excision. 1) An
ATP-bound MSH sliding clamp interacts and stabilizes EXOI on the DNA at a
5�-strand scission and enhances its 5�33� exonuclease processivity. 2) When
one MSH�EXOI complex spontaneously dissociates, a following MSH sliding
clamp interacts with EXOI, restarting exonuclease digestion. 3) The binding of
RPA to the nascent gap inhibits EXOI exonuclease activity until its association
with a following MSH sliding clamp. This process is iterative until the mis-
match is released, eliminating the loading of additional MSH sliding clamps
(bottom gapped DNA). B, 3�-excision. 1) An MLH/PMS associates with an ATP-
bound MSH sliding clamp that then diffuses together to PCNA bound to a
3�-strand scission (likely the 3�-end of leading strand replication). 2) The inter-
action between MSH�MLH/PMS and PCNA activates the intrinsic MLH/PMS
endonuclease. 3) Diffusion of the MSH�MLH/PMS�PCNA complex (shown) or
hand-off of the MLH/PMS to PCNA and diffusion of the MLH/PMS�PCNA com-
plex (not shown) allows the MLH/PMS intrinsic endonuclease to introduce
multiple strand scissions in the 5�-direction from the 3�-end that are sub-
strates for the EXOI 5�-exonuclease. This process is iterative until the mis-
match is released, eliminating the loading of additional MSH sliding clamps
(bottom gapped DNA). See text for narrative.
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by cellular imaging studies in Saccharomyces cerevisiae, where
ScMsh2-ScMsh6 disappears after colocalization of ScMlh1-
ScPms1 with ScPCNA (100). Regardless, once activated, the
multiple MLH/PMS incision fragments each contain nascent
5�-ends that, at least in vitro, may be substrates for the EXOI
5�-exonuclease activity (Fig. 3B, 3). Like E. coli, iterative MMR
complexes ensure that the reaction is dynamic and redundant
until the mismatch is released and no additional MSH sliding
clamps may be loaded.

Future Prospects

It is likely that real-time SM technologies will ultimately visu-
alize the complete MMR process in vitro and in vivo to detail
the mechanism(s) that animate repair. Perhaps the most
intriguing unanswered problem still surrounds understanding
the function(s) of MLH/PMS in MMR. In addition, visualizing
the 3– 4 components of the eukaryotic 5�-excision reaction
would also seem ripe for real-time SM imaging. Finally, there
still seem to be either missing factors or missing mechanisms in
the eukaryotic MMR reaction. For example, an exoI mutation in
S. cerevisiae is an extremely weak Mutator (30). However, the
5�33� specific EXOI exonuclease is required for both the
eukaryotic 3�-excision and the eukaryotic 5�-excision reactions
in vitro. This observation appears to underline a possible dis-
connect between the genetics and biochemistry of MMR that
awaits resolution.
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Formaldehyde has been used for decades to probe macromo-
lecular structure and function and to trap complexes, cells, and
tissues for further analysis. Formaldehyde crosslinking is rou-
tinely employed for detection and quantification of protein-
DNA interactions, interactions between chromatin proteins,
and interactions between distal segments of the chromatin fiber.
Despite widespread use and a rich biochemical literature,
important aspects of formaldehyde behavior in cells have not
been well described. Here, we highlight features of formalde-
hyde chemistry relevant to its use in analyses of chromatin com-
plexes, focusing on how its properties may influence studies of
chromatin structure and function.

Prior to its use in the chromatin field, formaldehyde use had
a long history in a number of fields, including vaccine produc-
tion (1, 2) and histology (3). In this review, we focus on its use in
chromatin immunoprecipitation approaches and protein-pro-
tein interaction studies applied to understand the location and
abundance of transcription factor binding along DNA. A recent
complementary perspective highlights gaps in knowledge with
a particular focus on how formaldehyde crosslinking data have
been used to interpret aspects of chromatin three-dimensional
organization (4). Here, we briefly review prior work describing
formaldehyde reactivity toward proteins, DNA, and their
constituent monomers. This information provides a basis for
understanding how formaldehyde functions in widely used
assays in the chromatin field, and conversely, highlights less
well understood aspects of formaldehyde behavior in cells.
These issues are of significance for designing crosslinking-
based studies as well as for properly interpreting the resulting
data. The analysis of formaldehyde-fixed chromatin has pro-
vided fundamental insights into where and when regulatory
factors associate with the DNA template in vivo, but it in gen-
eral does not provide unambiguous information about chroma-
tin binding kinetics. A major goal of ongoing work is to under-

stand kinetic and thermodynamic aspects of chromatin
complex assembly at single copy loci in vivo. Development of
experimental strategies to achieve these goals will require a
deeper and more comprehensive understanding of the effects
mediated by formaldehyde in cells.

The following discussion provides a framework for under-
standing aspects of formaldehyde function when used to trap
macromolecular complexes in cells, with the main features
shown in Fig. 1. Beginning with basic chemical reactivity, this
review will explore the ability of formaldehyde to crosslink with
proteins and DNA to form protein-protein or protein-DNA
complexes, common molecular quenchers, and the potential
for crosslink reversal. Progress in capturing crosslinked com-
plexes will also be discussed with an emphasis on the impact of
a better understanding of formaldehyde chemistry in vivo.

Basic Chemistry

Formaldehyde is the smallest aldehyde, an electrophilic mol-
ecule susceptible to chemical attack by a wide range of nucleo-
philic species of biological interest. The chemical complexity of
formaldehyde-mediated reaction products was appreciated 70
years ago (5). Initially using amino acids, and subsequently pro-
teins and other substrates, it was shown that formaldehyde
reacts in vitro with a wide range of functional groups, forming a
complex array of products (6, 7). It has been known since the
1940s that such products can include intramolecular and inter-
molecular crosslinked species and that the reaction conditions
(e.g. pH, temperature) can strongly influence the nature, yield,
and half-life of chemical modifications (8). The concentration
of formaldehyde used, incubation times, and other conditions
can vary substantially among different applications employing
formaldehyde fixation, yielding very different chemical prod-
ucts (reviewed in Ref. 9).

Formaldehyde reacts with macromolecules in several
steps (Fig. 2). In the first step, a nucleophilic group on an
amino acid or DNA base (for example) forms a covalent bond
with formaldehyde, resulting in a methylol adduct, which is
then converted to a Schiff base. Methylols and Schiff bases
can decompose rapidly (10 –12) or may be stabilized in a
second chemical step involving another functional group,
often on another molecule, leading to formation of a meth-
ylene bridge (13). A methylene bridge might form between a
solvent-exposed group on a macromolecule and a small mol-
ecule in solution such as glycine, which is frequently used as
a formaldehyde quencher. Alternatively, and of most interest
to biologists, is the formation of a covalent bond linking
functional groups in two different macromolecules. The
small size of formaldehyde dictates its linkage of groups that
are �2 Å apart, making it well suited for capture of interac-
tions between macromolecules that are in close proximity
(14, 15). (Commercial preparations of formaldehyde may
also contain formaldehyde aggregates (16) whose reactivities
and distance-spanning capabilities are unclear.)
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Formaldehyde Reactivity with Proteins

As studies of formaldehyde reactivity became more sophisti-
cated, it was found that conditions that more closely resemble
those used for crosslinking components in cells yield a subset of
the products identified in the earlier studies (17). Using model
peptides, formaldehyde was found to react with N-terminal
amino groups and side chains of cysteine, histidine, lysine, tryp-
tophan, and arginine (10). Reaction products were in some
cases influenced by the peptide sequence, yielding intramolec-
ular crosslinks as well as linkages of the N terminus and histi-
dine, asparagine, glutamine, tryptophan, tyrosine, and arginine
residues to glycine molecules added to the reaction (10).
Despite the long incubation time (48 h), adducts were not
detected between glycine and peptide cysteine or lysine resi-
dues. Subsequent work employing model substrates along with
formaldehyde concentrations and reaction times more in line
with those used with cells identified a smaller subset of formal-
dehyde reaction products involving lysine, tryptophan, and cys-
teine side chains as well as the peptide N terminus (17). Such
studies have often been motivated by interest in developing
techniques for analysis of native protein complex subunit com-
position. As discussed in more detail below, the rapid reactivity
of formaldehyde with cellular constituents suggests that cells
are highly permeable to formaldehyde, and the requirement for
crosslinked groups to be closely apposed makes formaldehyde a
good candidate for capturing macromolecular complexes in
vivo containing specific but unstably bound subunits, which
can then be analyzed by mass spectrometry (18).

In discussing the complexity of crosslinked complexes
formed by incubation of cells with formaldehyde, it is impor-
tant to distinguish between two types of complexity. The first is
the chemical complexity arising from the multiplicity of mac-
romolecular functional groups that can potentially react with
formaldehyde, and the second is the complexity associated with
the types and numbers of macromolecules crosslinked to each
other. Although formaldehyde can potentially generate a great
variety of chemically distinct products in vitro, the biologically
relevant chemical complexity is in all likelihood simpler under
incubation conditions more typically used for analyses of mac-
romolecular complexes in vivo. This is due to several factors,
including a lowered effective formaldehyde concentration in
cells when compared with most model experiments in vitro,
limiting the ability of formaldehyde to locate and interact with
a functional group. Although there is much greater macromo-
lecular diversity in cells than in typical in vitro experiments,
native macromolecules likely provide a smaller range of chem-
ically reactive groups than model substrates used in vitro. As
discussed below, N-terminal amino groups may be less avail-
able and side chains are less accessible to formaldehyde cross-
linking due to protein tertiary structure in native proteins.
These factors would decrease the proportion of potentially
chemically reactive groups and allow for a smaller, less diverse
set of chemical products in vivo. For instance, reactivity with
native proteins is limited to those nucleophilic groups that are
accessible to formaldehyde, and indeed, studies exploring dif-
ferential formaldehyde reactivity have been used to provide
insight into enzyme structure and catalytic function (19). Sol-

FIGURE 1. Graphic depicting the main aspects of formaldehyde reactivity
in cells. The dashed arc represents cell or nuclear membranes, which are
thought to be highly permeable to formaldehyde (red circles). The thick black
curved line represents DNA, shown assembled as nucleosomes (light gray cir-
cles). A chromatin-interacting factor is schematized in cyan, with other part-
ner proteins shown in dark blue and purple. Small molecules such as glycine
and Tris that react with formaldehyde and can therefore quench reactivity
with cellular constituents are shown as green circles. Formaldehyde can cross-
link macromolecules together as well as modify exposed groups on macro-
molecules, forming a product species potentially stabilized by reactivity with
a quencher. Quenchers are ordinarily added to the extracellular milieu and
may exert their main effects outside the cell.

FIGURE 2. Chemical reactions occurring during formaldehyde cross-
linking of biomolecules. Formaldehyde crosslinking of biomolecules
occurs in two steps. First, formaldehyde reacts with a relatively strong
nucleophile, most commonly a lysine �-amino group from a protein. This
reaction forms a methylol intermediate that can lose water to yield a Schiff
base (an imine). Second, the Schiff base reacts with another nucleophile,
possibly an amino group of a DNA base, to generate a crosslinked product.
This second nucleophile might also be from another protein, the same
protein as the first nucleophile, a quencher molecule, or another endog-
enous small molecule, and therefore a protein-DNA crosslink is only one of
many possible products. All of the reactions in this two-step process are
reversible, which is a key feature of formaldehyde crosslinking for chro-
matin capture. A specific example of a protein-DNA crosslink is shown. The
atoms are color coded to match those of Fig. 1: cyan, protein; red, formal-
dehyde; and black, DNA.
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vent-accessible lysine residues have been found to provide the
most reactive functional groups in native proteins, and more-
over, modification of native proteins by formaldehyde does not
appear to perturb tertiary structure very much (20). This is
consistent with early work in the chromatin field that estab-
lished that lysine residues are the predominant sites of forma-
tion of methylene bridges in histone complexes; such studies
led to the suggestion as well that formaldehyde crosslinking
does not in general perturb protein structure (21). The appar-
ent preference of formaldehyde for accessible lysine residues
may explain in part why formaldehyde has emerged as the
crosslinker of choice for trapping protein-DNA complexes, as
lysine residues are common mediators of interactions with
DNA (22). The differential reactivity of accessible groups on
protein surfaces has also been explored to understand how
formaldehyde fixation impacts epitope recognition by antibod-
ies (23). Of note, the potential for formaldehyde to affect anti-
body recognition could possibly impact a wide range of exper-
iments that require quantification of recovered fixed material
by immunoprecipitation. Conditions can often be worked out
such that formaldehyde treatment does not adversely impact
antibody recognition (24, 25), but to our knowledge, this has
not been examined in great detail in the chromatin field. Impor-
tantly, the apparent predominance of a subset of reactive sites
on macromolecules under typical experimental conditions
does not suggest that overall crosslinking complexity in cells is
necessarily simple. Although in vivo crosslinking is probably
predominated by a subset of the chemical products observed in
vitro, there is potential for macromolecules to become cross-
linked together in multiple ways and in multiple combinations,
forming larger daisy-chained structures that complicate in vivo
crosslinking results. Indeed, there is some evidence that form-
aldehyde treatment of cells can result in higher order chroma-
tin or nuclear structures whose formation may yield misleading
interpretations of chromatin association data by trapping fac-
tors within dense crosslinked networks (4, 26).

Formaldehyde Reactivity with DNA

Formaldehyde reacts with amino and imino groups of DNA
bases, and extensive studies have been performed to document
the kinetic and thermodynamic aspects of such reactions (11,
12, 27–29). Although formaldehyde reactivity with proteins
does not appear to perturb protein tertiary structure, formalde-
hyde reactivity with DNA is notably different as covalent mod-
ification of DNA bases requires disruption of base pairing in
duplex DNA, and in fact, formaldehyde was used in pioneering
studies to probe DNA melting (30 –34). Modified bases are thus
precluded from base pairing and promote further DNA dena-
turation (30). This likely occurs to some extent in stretches of
naked DNA in cells treated with formaldehyde, although under
typical conditions employed for in vivo studies, the recovered
DNA is by and large suitable for enzymatic manipulation (35).
Formaldehyde modification of naked DNA in vitro may be
more extensive (36). Conformational changes in DNA that pro-
mote formaldehyde reactivity have been referred to as DNA
“breathing” or base flipping. Measurement of the rates of such
spontaneous conformational changes is an active area of inves-
tigation (37), and it is unclear what specific DNA conforma-

tional changes are required to allow reaction of DNA bases with
formaldehyde (i.e. full extrahelical extrusion of a DNA base may
not be required). The rates of formaldehyde reactivity with
naked DNA in vitro were found to be orders of magnitude
below diffusion-limited rates, although these studies make it
clear that reaction conditions can have large effects on reactiv-
ity. Indeed, it was recognized early on that it would be difficult
to extrapolate rates of reaction obtained in relatively simple in
vitro systems to other more complex systems, let alone in vivo
(11).

Capture of Protein-DNA Complexes

The early use of formaldehyde as a probe of macromolecular
structure led to the discovery that formaldehyde can crosslink
histones to DNA (38). Retrieval of the crosslinked complexes
and analysis of the associated DNA then gave birth to the ChIP
assay (14, 39, 40), which has become ubiquitous in the chroma-
tin field in a multitude of variations (41– 49). Although ChIP
assays performed without crosslinking have proven valuable for
analyses of stable chromatin complexes (50), crosslinking has
made it possible to identify interactions that would not other-
wise withstand the isolation procedure. Given the central utility
of crosslinking and its critical role in establishing many of the
principles underlying the current understanding of chromatin
structure and function, a clear picture of formaldehyde chem-
istry is critical to ensure that any biases resulting from formal-
dehyde crosslinking are taken into account.

The ability of formaldehyde to crosslink amino acids to DNA
bases has been examined systematically in vitro. In comparing
the products of reactions containing lysine, cysteine, histidine,
or tryptophan with each of the four DNA bases, the highest
yield of crosslinked product was obtained with lysine and deox-
yguanosine (51), consistent with lysine being the most reactive
among residues in native proteins as described above. Similar
results were obtained using short peptides and trinucleotides
(51). In the context of protein-DNA interactions, the first
chemical step could involve reaction with an amino acid side
chain in a protein, the protein N terminus, or an amino or imino
group on a DNA base; importantly, however, the �-amino
group on the lysine side chain is a better nucleophile than are
the amino/imino groups on DNA bases whose lone pair elec-
trons are delocalized in the aromatic ring. For this reason, it
seems reasonable to speculate that in most crosslinked protein-
DNA complexes, a Schiff base is formed on a lysine residue first,
followed by nucleophilic attack by the DNA base held in prox-
imity to the side chain, resulting in a methylene bridge.

Interestingly, and in line with this idea, formaldehyde reac-
tivity with DNA was stimulated substantially by adding amino
acids or histones to an in vitro reaction, resulting in stable prod-
ucts that in some cases contained both DNA and the protein or
amino acid (52). The �20 –30-fold stimulation in the reaction
rates observed in these early experiments by the addition of
glycine or lysine (for example) was striking; furthermore, form-
aldehyde crosslinking of proximal functional groups on spe-
cific, stable macromolecular complexes presumably can occur
even faster because of the constrained physical proximity of the
reacting species (53). In addition to the ubiquity of lysine side
chains in DNA-binding proteins (for interaction with the phos-
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phate backbone), the DNA bases provide a high density of
amino and imino groups along the length of the nucleic acid.
These two features may contribute to the relatively higher yield
of protein-DNA crosslinks when compared with protein-pro-
tein crosslinks as measured by conjugation of chromatin regu-
latory complexes that interact indirectly with DNA (54). It has
been observed that for some transcriptional co-regulators, pro-
tein-protein crosslinks are not efficiently detected between fac-
tors that interact with chromatin indirectly when using chro-
mosome conformation capture (3C) methods; this could be due
to either inefficiencies in formaldehyde crosslinking between
proteins (due to non-optimal reactive side chain availability) or
the rarity of these protein-protein interactions (4).

Several different crosslinking agents have been used in ChIP
(55), but all of the features described above, including cell per-
meability, short spacer length, rapid reactivity, as well as revers-
ibility (discussed below), have led to formaldehyde becoming
the crosslinking agent of choice for ChIP. This utility has been
borne out by many genome-wide studies that have shown how
profiles of crosslinked complexes capture transcription factor
binding to physiologically significant DNA sites (for example,
see Refs. 56 –58). Because DNA site-specific transcription fac-
tors can also bind to nonspecific sites (59 – 62), crosslinking of
non-specifically bound proteins to DNA would be expected to
occur and may account in part for binding events detected in
genome-wide studies that cannot be readily explained physio-
logically. Non-DNA-binding proteins are not crosslinked to
chromatin (14, 63), and non-specifically bound factors are pre-
sumably bound to a multitude of disparate sites at low levels
consistent with their relative occupancies (64, 65). Analyses of
chromatin binding by a series of mutants in the methyl CpG-
binding protein 2 gene led to the conclusion that there is a
threshold interaction lifetime of about 5 s required for cross-
linking (26). However, it has been possible to perform ChIP on
transcription factors whose interactions with chromatin are
known from imaging studies to be highly transient (time scale
of a few seconds) (61, 66 – 69). Importantly, in vivo ChIP signals
have been found to correlate with DNA binding specificities
and affinities measured in vitro (70, 71), supporting the use
of formaldehyde for measuring chromatin binding interac-
tions in cells with quantitative rigor and over a broad ther-
modynamic range. A better understanding of formald-
ehyde’s effects in cells could potentially be obtained by
biochemical studies of protein-DNA complex crosslinking
in vitro. However, it is noteworthy that there are examples in
which in vitro and in vivo binding behaviors differ when
assessed using formaldehyde in one system or another (14,
55, 70).

As mentioned above, formaldehyde crosslinking can be used
to isolate physiologically relevant complexes for analysis by
mass spectrometry (9, 18). Formaldehyde crosslinking has been
exploited to identify constituents of some cellular complexes,
including the proteasome, for example, (72, 73), and to identify
protein-protein interactions in tissues (74). Unbiased efforts to
identify proteins associated with specific DNA sequences in
vivo have employed formaldehyde to stabilize such complexes
during their isolation. It is technically challenging to obtain
sufficient material for identification of the DNA-associated

proteins by mass spectrometry, but this strategy has nonethe-
less been successfully employed for repeated DNA sequences
such as telomeres (75–77) and in model in vitro systems (36), as
well as for single copy and multicopy regions in yeast (75, 76,
78 – 80). The relatively mild formaldehyde reaction conditions
used to maximize crosslinking of physiologically relevant asso-
ciations and avoid spurious ones may yield a relatively low pro-
portion of formaldehyde crosslinked material and thereby con-
tribute to the technical challenges of this kind of approach (36).

Crosslinking Kinetics, Stability, and Reversal

Formaldehyde crosslinking in chromatin studies typically
employs relatively low formaldehyde concentrations (1% or
less). The facile detection of protein-DNA complexes following
incubation times of 30 min or less suggests that macromolecu-
lar crosslinking occurs relatively rapidly, as suggested by the
earliest ChIP experiments (14, 40, 81). Relatively rapid formal-
dehyde reactivity in cells is also consistent with the ability to
distinguish ChIP signals over short time intervals (seconds to
minutes) (63, 82, 83). Formaldehyde crosslinks are quite stable
in vivo when compared with the durations of most crosslinking
experiments, with crosslink half-lives of �10 –20 h depending
on the cell type and conditions (15). In ChIP experiments,
crosslinks are most often reversed by heat (21). The reversibility
of formaldehyde crosslinking has been explored in some detail
in an effort to recover proteins from fixed tissue and cell sam-
ples (84, 85). The temperature and salt concentration depen-
dence of the formaldehyde crosslink reversal rate has been
established, revealing a crosslink half-life consistent with the
estimate of crosslink half-life in cells (tens of hours at 37 °C)
(86). That study also quantitatively showed the extent to which
heat can increase the crosslink reversal rate. More such mea-
surements on other aspects of crosslinking chemistry will be
useful in developing a quantitative understanding of how the
abundance of a particular crosslinked species obtained under
some set of conditions (i.e. the effect of pH, quencher choice
and concentration, and formaldehyde concentration) relates to
dynamic aspects of complex assembly/disassembly and stability
(83).

To limit formaldehyde reactivity to a particular time interval,
unreacted formaldehyde is quenched with an excess of a small
reactive molecule added to the reaction (Fig. 3). Quenching is
important but not well understood (9). Glycine has been typi-
cally used as a sink for unreacted formaldehyde in ChIP (44, 55)
as well as in approaches to map higher order chromatin struc-
ture (87–90). The efficacy of glycine is improved by reduced
pH, but detailed studies of the quenching reaction have not
been reported (9). In principle, formaldehyde crosslinking
could be quenched by reaction of the quencher with formalde-
hyde molecules in solution or reaction with formaldehyde con-
jugates on other molecules in the cell, if the quencher is readily
cell-permeable. As discussed above, formaldehyde-mediated
glycine conjugates have been detected or inferred in vitro,
although there was no evidence for such conjugates seen in
proteins analyzed from formaldehyde-treated cells (9, 25, 83).
On the other hand, evidence suggests that glycine-DNA conju-
gates are formed in an in vitro reaction (36). Despite the fact
that glycine has been used routinely to quench crosslinking,
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Tris is a more efficient quencher (9), which can be explained
chemically by the ability of Tris to form a cyclic product upon
reaction with formaldehyde (36) (Fig. 3). However, at higher
concentrations of Tris, which would likely be used for quench-
ing, Tris can also facilitate crosslink reversal (91), thereby
potentially impacting the yield of crosslinked material.

Complex Effects in the Cellular Milieu

Given the pivotal role of this reagent in understanding chro-
matin biology and the continuing evolution of technologies
exploiting its properties, it is critical that a deeper understand-
ing is achieved of formaldehyde crosslinking as it occurs in cells.
Although formaldehyde can mediate myriad chemical reac-
tions in vitro, the conditions used for crosslinking in cells sug-
gest that, with respect to chromatin, the chemical complexity of
macromolecule-containing reaction products is more limited,
with reactions occurring mainly with solvent-exposed lysine
residues and endo- and exocyclic amino groups on bases. Form-
aldehyde has a number of other properties that make it well
suited for trapping macromolecular complexes in cells, includ-
ing cell permeability and the temperature-dependent stability
of methylene bridge-containing adducts. Macromolecules that
do not interact are in general not crosslinked together effi-
ciently, and methylol/Schiff base intermediates are reversibly
formed and appear to be inefficiently trapped by reaction with
quenchers in cells. This explains why proteins and DNA iso-
lated from formaldehyde-treated cells appear unmodified in
general (14, 83, 92). Within minutes of formaldehyde incuba-
tion, there is very little detectable free DNA (�10%) (36, 86),
and crosslinking appears to occur uniformly along DNA as well
(14).

ChIP has been developed by empirical determination of
seemingly optimal crosslinking conditions, with low recoveries
occurring for either too little or too much crosslinking (93). If
the formaldehyde concentration is too low or the incubation
time is too short, not enough crosslinked material will be pro-
duced. On the other hand, a formaldehyde concentration that is
too high or an incubation time that is too long also reduces
recovery, presumably reflecting the formation of complexes
that are insoluble or the masking of epitopes recognized by the
antibody used for immunoprecipitation. We have observed lit-
tle effect of formaldehyde incubation time on chromatin pro-

tein yield over a broad range of formaldehyde concentrations
and incubation times (92), but elevated formaldehyde concen-
trations can impact yield even after moderate incubation times,
suggesting the formation of such complexes. Given the dense
concentration of macromolecules in the nucleus, it is plausible
that formaldehyde may cause the formation of higher order
networks of crosslinked chromatin (4), as illustrated in Fig. 4.
This is an area worthy of additional investigation, particularly
because it may explain nonspecific DNA crosslinking that
occurs in ChIP or ChIP-related methods (94). Conversely,
other spurious enrichment phenomena, such as localization of
unrelated proteins, can occur with ChIP at highly expressed

FIGURE 3. Formaldehyde quenching reactions with glycine and Tris, the two most common quenchers. The chemical reactions are analogous to those
shown in Fig. 2 with the amino group of glycine or Tris acting as the primary nucleophile. The Schiff base formed from glycine may or may not react with a
second nucleophile, but regardless, the crosslinking between macromolecules has been quenched. The Tris molecule has readily available second nucleo-
philes (hydroxyl groups) that create stable intramolecular five-membered rings. It is also possible for Tris to react with two formaldehyde molecules, leading to
the final product shown. The propensity for Tris to form these stable intramolecular products likely allows it to scavenge formaldehyde from other molecules
and thereby facilitate crosslink reversal. The atoms are color-coded: green, quencher; red, formaldehyde; brown, miscellaneous nucleophile.

FIGURE 4. Potential effects of formaldehyde in mediating formation of
higher order chromatin structures. The black wavy lines denote chromatin
fibers, which may become a crosslinked meshwork in the presence of form-
aldehyde (red circles). The formation of these potentially confounding struc-
tures may or may not be mediated by physiologically relevant higher order
interactions captured by crosslinking (dashed gray rectangle). Such a mesh-
work may define localized neighborhoods in the nucleus that trap proteins
(cyan) that may or may not interact specifically with nearby DNA sequences in
an unperturbed cell.
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genes; these, too, warrant deeper investigation (95, 96) to
ensure that apparent ChIP signals in fact represent true associ-
ation with the loci of interest.

ChIP assays have been pivotal in establishing our current
view of chromatin structure and function. As answers to deeper
questions about chromatin binding dynamics and higher order
structure are pursued, we feel it is imperative that we under-
stand more fully how the procedures employed to obtain snap-
shots of chromatin state may perturb the very properties being
measured, particularly as variations in experimental design can
yield different interpretations (4, 97). In this regard, an under-
standing of the behavior and properties of formaldehyde in the
cell is important for determining the best methods for measur-
ing dynamic interactions using crosslinking. A better under-
standing of formaldehyde crosslinking may in turn lead to bet-
ter quantitative models (98).
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Detecting pathogenic DNA by intracellular receptors termed
“sensors” is critical toward galvanizing host immune responses
and eliminating microbial infections. Emerging evidence has
challenged the dogma that sensing of viral DNA occurs exclu-
sively in sub-cellular compartments normally devoid of cellular
DNA. The interferon-inducible protein IFI16 was shown to bind
nuclear viral DNA and initiate immune signaling, culminating
in antiviral cytokine secretion. Here, we review the newly char-
acterized nucleus-originating immune signaling pathways, their
links to other crucial host defenses, and unique mechanisms by
which viruses suppress their functions. We frame these findings
in the context of human pathologies associated with nuclear
replicating DNA viruses.

Existing under the constant risk of invasion by pathogenic
microorganisms, mammalian cells employ an array of constitu-
tively expressed, germ-line-encoded receptors to survey the
intra- and extracellular milieu for pathogen- or damage-associ-
ated molecules. Binding of these cellular receptors to their spe-
cific ligands evokes intracellular immune signaling cascades
that culminate in the robust expression and secretion of antivi-
ral cytokines, such as type I interferons (IFNs). Upon their
release from the cell, these induced signaling factors operate in
both an autocrine and a paracrine manner, inciting nearby cells
to assume antiviral transcriptional programs. Cytokines further
stimulate mammalian innate and adaptive immune responses,
including the recruitment of antigen-presenting or cytotoxic
leukocytes and the production of microbe-specific antibodies.
Altogether, these cytokine-coordinated events promote the
elimination of the invading pathogen. Thus, the molecular
mechanisms mediating the recognition of and response to
microbial molecular signatures are critically important.

The DNA genomes of DNA viruses, a class of prevalent
human pathogens, serve as one such immunogenic molecular sig-
nature. For preventing spurious auto-activation with cellular “self”
DNA, the intracellular surveillance of viral DNA was thought to
occur exclusively in cytosolic and endosomal compartments.
However, this model fails to reconcile the fact that nearly all DNA

viruses deposit and replicate their DNA genomes exclusively
within host nuclei. As part of a shifting paradigm, recent studies
have established the existence of cellular DNA sensors that detect
viral DNA within the nucleus to trigger immune signaling. Here,
we review the recent discoveries and ongoing challenges within
the emerging field of nuclear DNA sensing.

The Impact of Nuclear Replicating DNA Viruses on
Human Health

Nuclear replicating DNA viruses are at the root of many
major human public health concerns worldwide, triggering a
range of symptomatic diseases and irreversible disorders (Table
1). Many of these viruses manifest with high morbidity and
mortality, particularly in the immunocompromised and young.
Epstein-Barr virus (EBV),2 Kaposi sarcoma-associated herpes-
virus (KSHV), human papillomavirus, hepatitis B virus, and
Merkel cell polyomavirus are responsible for a staggering
majority of virus-associated human cancers globally (1–3).
Human papillomavirus is considered the most prevalent sexu-
ally transmitted pathogen in the United States (4). Hepatitis B
virus has infected nearly 2 billion individuals globally, 350 mil-
lion of whom are persistently infected, and thus, prone to devel-
oping hepatitis, hepatocellular carcinoma, and cirrhosis (4). As
a family, adenoviruses account for �8% of symptomatic viral
diseases worldwide and are common causes of febrile illness,
acute respiratory diseases, and gastrointestinal diseases (5).

Among DNA viruses, herpesviruses have evolved sophisti-
cated strategies to establish lifelong latent infections in
humans. Periodic virus reactivation within an individual allows
for the continual spread of infectious particles to other susceptible
hosts. For example, EBV persists in �90% of adults, irrespective of
geographical location, and is linked to the development of B-cell
lymphomas (6). Human cytomegalovirus (HCMV) can cause ret-
initis, myelitis, and pneumonitis upon reactivation from latency,
but also incites serious health threats in pregnant women, neo-
nates, and the immunocompromised. In the developed world,
congenital CMV presents itself symptomatically in 22–38% of
infants born with CMV (7, 8) and is the leading infectious cause of
mental retardation and hearing loss (9).

Despite significant efforts, current therapeutic strategies for
controlling nuclear replicating DNA viruses have limitations.
Many current antiviral drugs either have teratogenic side
effects or lead to the emergence of resistant viral strains. Nucle-
oside analogues that inhibit viral DNA polymerases are current
standard therapies. Ganciclovir, for instance, is used for treat-
ing CMV-infected individuals, yet it induces leukocytopenia in
immunosuppressed patients undergoing tissue transplanta-
tion. Acyclovir is another widely employed nucleoside analogue
for managing herpes simplex virus (HSV)-associated patholo-
gies, yet acquired viral drug resistance is observed in immuno-
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compromised patients (10). Thus, in addition to targeting viral
factors, rational drug design efforts have also focused on target-
ing cellular factors that influence viral replication. One prom-
ising strategy is to activate the cellular receptors mediating the
immunological responses in infected cells. For antiviral thera-
peutics against DNA viruses, these targets include DNA sensors
(11).

Cellular DNA-sensing Pathways

For over 50 years, it has been understood that mammalian
cells can discriminate foreign DNA to elicit immunological
responses. Early seminal work demonstrated that cellular
uptake of exogenous DNA or ultraviolet-inactivated DNA
viruses induced production of IFNs (12–15). Subsequently,
when challenged with live viruses, these IFN-stimulated cells
could drastically limit viral replication (16, 17). Only within the
past 10 years, however, has there been significant progress in

delineating the responsible cellular pathways. Screens of
human and murine cDNA libraries led three independent
research groups to simultaneously identify the endoplasmic
reticulum adapter protein STING (also known as MITA, ERIS,
and TMEM173) to spontaneously induce expression of IFNs
and IFN-stimulated genes (18 –20). Additional studies revealed
that cells derived from Sting�/� mice or depleted of STING by
RNA interference fail to produce IFN responses to various
exogenous DNA substrates and DNA viruses. Furthermore,
Sting�/� mice more readily succumb to HSV-1 infection and
fail to generate appropriate adaptive immune responses to
DNA vaccines (21). Importantly, STING is widely expressed
across many tissues and cell types (18, 19) and phylogenetically
conserved within vertebrates (22). Furthermore, the demon-
stration that its C terminus recruits the kinase TANK-binding
kinase 1 (TBK-1) (23), in turn phosphorylating and activating
the transcription factor IRF3 (24 –27), mechanistically linked

TABLE 1
Human nuclear replicating DNA viruses, associated diseases, and implicated DNA sensors
Only nuclear replicating DNA viruses known to infect humans are listed. Viruses that infect other organisms, such as nuclear polyhedrosis virus and polyoma virus, are not
listed. ND, not determined; DNA-PK, DNA-dependent protein kinase.

Virus family and type Associated human disease(s) Implicated DNA sensor(s)

Adenoviridae
Adenovirus A (Types 12, 18, and 31) Cryptic enteric infection ND
Adenovirus B (Types 3, 7, 11, and 14) Conjunctivitis, acute respiratory disease, hemorrhagic

cystitis
ND

Adenovirus C (Types 1, 2, 5, and 6) Endemic infection, respiratory symptoms cGAS (87), TLR9 (88)
Adenovirus D (Types 8–10, 13, 15, 17, 19, 20, 22–30,

32, 33, 36–39, 42–49, 51, 53, and 54)
Keratoconjunctivitis ND

Adenovirus E (Type 4) Conjunctivitis, acute respiratory disease ND
Adenovirus F (Types 40 and 41) Infantile diarrhea ND
Adenovirus G (Type 52) Gastroenteritis ND

Circoviridae
Transfusion-transmitted virus Largely asymptomatic ND

Hepadnaviridae
Hepatitis B virus Hepatitis B AIM2 (89), cGAS (90)

Herpesviridae
Cytomegalovirus Mucoepidermoid carcinoma, retinitis, colitis, hepatitis,

pneumonitis, myelitis, encephalitis in
immunocompromised patients, mononucleosis-like
syndrome in immunocompetent adults, congenital
neurodevelopmental sequelae

AIM2, DAI/ZBP1, IFI16,a TLR7, TLR9 (91–93)

Epstein-Barr virus Mononucleosis, cancer (Hodgkin lymphoma, Burkitt
lymphoma, nasopharyngeal carcinoma)

RNA Pol III, IFI16a (43), TLR9 (94)

Herpes simplex virus type 1 Orofacial disease (cold sores), keratitis, genital herpes cGASa (58), DAI/ZBP1 (95), DDX41, DDX60,
DHX9, DHX36, DNA-PK, RNA Pol III,
IFI16,a TLR9 (96), IFIXa (29)

Herpes simplex virus type 2 Orofacial disease (cold sores), keratitis, genital herpes DNA-PK, TLR9 (96, 97)
Herpesvirus 6 variant A Mononucleosis-like syndrome ND
Herpesvirus 6 variant B Infantile seizures, roseola infantum, exanthema

subitum, respiratory disease, febrile seizures
ND

Herpesvirus 7 Exanthema subitum ND
Herpesvirus 8 (Kaposi sarcoma-associated virus) Kaposi sarcoma, multicentric Castleman disease,

primary effusion lymphoma,
IFI16a (39, 44)

Varicella zoster virus Chicken pox, herpes zoster (shingles) NLRP3 (98), TLR9 (99)
Papillomaviridae

Papillomavirus (�170 types) Warts, epidermodysplasia verruciformis, focal
epithelial hyperplasia and papillomas (oral), anal
dysplasia, oropharyngeal and genital cancers,
verrucous cyst

TLR9 (100)

Parvoviridae
Adeno-associated virus Possible role in male sterility ND
Parvovirus B19 Erythema infectiosum (Fifth disease), arthropathy,

hydrops fetalis, persistent anemia, transient aplastic
crisis in patients with underlying hemolytic
disorders

ND

Polyomaviridae
BK virus Largely asymptomatic in healthy individuals, ureteric

stenosis in renal transplant patients, hemorrhagic
cystitis, nephropathy

ND

JC virus Largely asymptomatic in healthy individuals,
progressive multifocal leukoencephalopathy,
ureteric stenosis in renal transplant patients

ND

Merkel cell polyomavirus Merkel cell carcinoma ND
a DNA sensors with implicated functions in the nucleus.
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STING to established type I IFN signaling factors and solidified
its central role as an immune signaling hub (27).

The characterization of the STING-TBK-1-IRF3 signaling
axis has spawned significant efforts to identify upstream DNA
sensors, which could engage foreign DNA and propagate
immune signaling via STING. To date, a myriad of putative
DNA sensors has been reported based on their ability to bind
foreign or pathogenic DNA and contribute to cytokine induc-
tion (Table 1). Although the actions of these DNA sensors have
been predominantly studied in the cytosol and endosomes,
emerging evidence is shifting focus to a new sub-cellular com-
partment: the nucleus.

Emergence of Nuclear DNA Sensing

The human interferon-inducible protein IFI16 was recently
characterized as the first viral DNA sensor to function within
the nucleus. A member of the interferon-inducible human
PYHIN protein family (28, 29), IFI16 possesses two C-terminal
HIN200 domains that bind to DNA in a sequence-independent
manner (30) and an N-terminal pyrin (PY) domain that medi-

ates intramolecular homotypic interactions and cooperative
assembly of IFI16 oligomers (31, 32) (Fig. 1, A and B). Origi-
nally, IFI16 was shown to bind to cytosolic viral DNA, physi-
cally engage STING, and induce IFN production in macro-
phage-like THP-1 cells (33–35). However, across non-immune
cell types, IFI16 predominantly localizes to the nucleus (29, 31,
36, 37). We defined a multi-partite nuclear localization signal
on IFI16 and observed that its deletion triggers the localization
of IFI16 exclusively to the cytoplasm (36). This mis-localization
compromises the ability of IFI16 to both bind to genomic
HSV-1 DNA in the nucleus and promote an appropriate
immune response to HSV-1 infection in epithelial cells (36). In
a subsequent study, Orzalli et al. (37) demonstrated that in
human primary fibroblasts, both STING and IFI16 are required
for inducing expression of IFN and IFN-stimulated genes in
response to the HSV-1 d109 strain, an HSV-1 mutant that
deposits its DNA genome into the nucleus but lacks the ability
to express viral gene products (38). Protease inhibitor treat-
ment blocks the release of the genome from the d109 nucleo-
capsid and precludes IFI16- and STING-dependent immune

FIGURE 1. Cooperative binding of IFI16 is mediated by HIN domains binding viral dsDNA and pyrin domains oligomerizing. A, crystal structure of HIN-b
domains (yellow, orange, blue, and green) binding to viral dsDNA (red). Mutations at highlighted amino acids impaired DNA binding (adapted from Ref. 30). PDB
3RNU, Protein Data Bank ID 3RNU. B, model of IFI16 binding to viral DNA in a length-dependent manner (one IFI16 molecule per 15 bp of viral DNA) (adapted
from Ref. 32). C, post-translational modifications identified on IFI16 (36, 85, 86).
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signaling (37). Thus, both studies provide compelling evidence
that the deposition of the HSV-1 DNA genome into the nuclear
milieu and its subsequent detection by nuclear IFI16 initiate an
immune signaling cascade derived from within the nucleus
(Fig. 2). Corroborating this model, we have more recently dem-
onstrated that infection with HCMV also induces the expres-
sion of host antiviral cytokines via an IFI16- and STING-depen-
dent signaling pathway in human fibroblasts (31).

The possibility that the integrity of the herpesvirus nucleo-
capsid is compromised in the cytosolic environment, leading to
leakage of the encapsulated DNA, cannot be entirely excluded.
Polyubiquitination and proteasomal degradation of the major
HSV-1 capsid protein VP5 have been reported in primary
macrophages (34). This mechanism explains the recruitment of
IFI16 to HSV-1 and HCMV DNA foci within the cytosol of
macrophages (33, 34). However, these processes do not appear
to exist in non-immune cell types. In fact, microscopy and bio-
chemical fractionation studies have demonstrated that IFI16
co-localizes with herpesviral DNA strictly within the nucleus
(36, 39, 40) and maintains nuclear localization throughout
infection (36, 37, 40, 41). These discrepancies in IFI16 DNA-
sensing models are likely due to intrinsic cell type-dependent
processes. As macrophages and dendritic cells act at the onset
of innate and adaptive immune responses, DNA-sensing com-
ponents may be localized to the cytoplasm to provide maxi-
mum sensitivity and response rapidity to foreign nucleic acids.
In contrast, non-immune cells have divergent functions and

may maintain IFI16 in the nucleus to focus its immunological
activities on successful viral infection events or perform other
housekeeping tasks. We found that acetylation of its nuclear
localization signal (Fig. 1C) targets IFI16 to the cytosol, provid-
ing a mechanism by which cells fine-tune IFI16 sub-cellular
distribution (36). Aside from its role in innate immune signal-
ing, IFI16 has also been implicated in mounting inflammatory
and apoptotic responses to foreign DNA via a multi-protein
assembly known as the “inflammasome” (39, 42– 45). Other
pyrin domain-containing cellular receptors, including the
related PYHIN protein, AIM2, and members of the NOD-like
receptor (NLR) family, were previously shown to initiate
inflammasome formation (as reviewed in Ref. 28). Although
these receptors are activated by diverse pathogen- and damage-
associated molecular signatures (microbial DNA in the case of
AIM2), they ubiquitously oligomerize upon stimulation. The
resulting aggregates recruit and activate the caspase-1 protease,
which consequently drives the maturation of pro-inflammatory
cytokines IL-1� and IL-18. Ultimately, these inflammatory
responses culminate in a caspase-dependent form of pro-
grammed cell death, termed “pyroptosis” (reviewed in Refs. 46
and 47).

Until recently, inflammasome activity was thought to be
restricted to the cytosol for surveying foreign lysosomal content
or mitochondrial aberrations. However, Kerur and colleagues
(39, 44) demonstrated that IFI16 co-localizes with replicating
KSHV DNA in the nuclei of endothelial cells, consequently

FIGURE 2. Nucleus-originating immune signaling is activated upon sensing of herpesviral dsDNA. Following viral entry into a host cell, the capsid
extrudes viral dsDNA into the nucleus (1). Nuclear viral DNA is bound directly to DNA sensors IFI16 and IFIX (2). IFI16 signals to STING via a mechanism that has
yet to be elucidated (3a). cGAS was also observed in the nucleus following HSV-1 infection and shown to stabilize IFI16. Upon activation and dimerization of
STING, TBK-1 is phosphorylated (4), resulting in the phosphorylation of IRF3 and NF-�B, which translocate back into the nucleus to induce the expression of
antiviral cytokines (5). Upon binding nuclear viral dsDNA, IFI16 also associates with ASC to form mature inflammasomes in the cytoplasm, processing pro-
inflammatory cytokines (3b). It remains to be investigated whether cGAS may also sense viral DNA within the nucleus to produce cyclic GMP-AMP, which binds
directly to STING (3c). Solid arrows depict experimentally demonstrated pathways, and dotted arrows illustrate other possible mechanisms. Casp-1, caspase-1;
ER, endoplasmic reticulum.
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assembling an ASC- and caspase-1-containing inflammasome
(Fig. 2). Interestingly, IFI16 association with ASC is detected
during early infection within the nucleus; however, by later
stages, mature inflammasome structures are thought to re-dis-
tribute to the cytosol (39). How these large multimeric struc-
tures translocate through the nuclear pore is unclear. However,
de novo assembly in the cytoplasm remains a possibility. Fur-
thermore, B cell lines harboring latent, episomal forms of either
the KSHV or the EBV genomes exhibit constitutively high
IFI16-dependent caspase-1 activity and expression of pro-in-
flammatory interleukins, relative to their uninfected parental
cell lines (43, 44). As EBV and KSHV are tightly linked to the
development of certain lymphomas, these processes could con-
tribute to the inflammatory microenvironments found in
tumors related to these pathologies. IFI16 inflammasome activ-
ity was also reported during HSV-1 infection in fibroblasts (42).
Thus, these inflammatory responses may reflect generalized
cellular reactions to herpesvirus infections. Most recently,
IFI16 was shown to mediate CD4� T cell death during HIV
infection, implicating its inflammasome functions in the pro-
gression of AIDS (45, 48).

The role of IFI16 in eliciting both type I IFNs and inflamma-
tory responses seems contradictory given the demonstrated
anti-inflammatory properties of the former (49 –51). Indeed,
varied incongruences regarding IFI16 as an inflammasome ini-
tiator exist within the literature. Earlier seminal studies that
characterized the AIM2 inflammasome did not observe matu-
ration of caspase-1 and IL-1� following DNA stimulation or
co-expression of IFI16 with critical inflammasome components
(52, 53). In agreement, IFI16 was not observed to associate with
ASC, a requirement for the recruitment and maturation of
caspase-1 (31, 53). More recently, comprehensive proteomic
analyses of IFI16 interaction networks did not detect interac-
tions between endogenous IFI16 and ASC during HSV-1 infec-
tions in primary fibroblasts (29, 54). Several studies that probed
IFI16 functions during early stages of herpesvirus infections
have observed neither IFI16 inflammasome assembly nor
caspase-1 maturation (31, 36, 37, 40, 41, 54). Finally, IFI16 was
demonstrated to have a direct role in inhibiting the formation
of both AIM2 and NOD-like receptor family inflammasomes
(55). It remains possible that the role of IFI16 in DNA-depen-
dent inflammasome responses is cell type-dependent and that
other, yet uncharacterized factors are required. These disparate
observations necessitate further study.

Until recently, AIM2 and IFI16 were the only members of the
human PYHIN family with established pathogen DNA-sensing
capabilities. The other PYHIN members, IFIX and MNDA,
although also localized predominantly to the nucleus, had few
characterized immunological functions. Our recent proteomic
investigation of the PYHIN family protein interaction networks
revealed that IFIX associates with antiviral factors and that its
expression is inversely correlated with herpesvirus replicative
capacity (29). IFIX was further shown to bind DNA substrates
in a sequence-independent manner and to contribute to type I
IFN production (29). Moreover, during HSV-1 infection, IFIX
associates with viral genomic DNA and remains localized to the
nucleus (29). Altogether, these data implicate IFIX as the sec-
ond identified nuclear sensor of viral DNA to date (Fig. 2).

Given that IFIX is differentially expressed across cell and tissue
types, it is likely to have cell type-specific functions that remain
to be determined (56, 57).

The discovery that viral DNA can be sensed within host
nuclei has incited a re-evaluation of other previously character-
ized DNA sensors and the sub-cellular compartments in which
they function. Upon binding to foreign DNA, the cyclic-GMP-
AMP (cGAMP) synthase (cGAS) catalyzes the production of
the cyclic dinucleotide (CDN) cGAMP from intracellular ATP
and GTP, which, in turn, binds and activates STING to induce
type I IFNs (58 – 63) (Fig. 2). As previous work had already
determined that CDNs generated by intracellular bacterial
pathogens directly activate STING (64 – 66), the discovery of
cGAS demonstrated a cell-intrinsic mechanism exploiting bac-
terial CDN second messenger systems for mobilizing host
defenses. Two critical observations underscore a central role
for cGAS in DNA sensing. First, introduction of exogenous
DNA paired with co-expression of cGAS and STING is suffi-
cient to elicit robust interferon responses in HEK293T cells
inherently devoid of these components (58, 60, 62, 63). Second,
cGAS�/� mice and explanted cGAS�/� monocytes fail to
mount proper IFN responses to DNA viruses, such as poxvi-
ruses and herpesviruses (61, 67). Interestingly, fibroblasts
derived from cGAS�/� mice are attenuated in their production
of IFN in response to both WT and d109 HSV-1 infection, rel-
ative to their cGAS�/� counterparts (61). Even in human fibro-
blasts, depletion of either IFI16 or cGAS by RNA interference
attenuates IFN induction in response to HSV-1 infection (68).

Although cGAS was shown to co-localize with foreign DNA
in the cytosol of macrophages (58, 69), cGAS-dependent IFN
responses to HSV-1 in non-immune cells implicate its function
in nuclear sensing. In fact, in human fibroblasts, endogenous
cGAS seems equally distributed between the cytosol and the
nucleus and can co-localize with IFI16 and transfected plasmid
DNA at foci in either sub-cellular compartment (68). Further-
more, we observed nuclear IFI16 to interact with cGAS in
lysates from these cells (68). Therefore, IFI16 and cGAS may
function synergistically to elicit immune signaling to nuclear
foreign DNA. However, HSV-1 infection of human fibroblasts
elicits little cGAMP production. Moreover, cGAS depletion
triggers IFI16 de-stabilization via the proteasome (68). These
results suggest that IFI16 functions as the dominant nuclear
DNA sensor, whereas cGAS performs auxiliary functions, such
as stabilization of IFI16 to enable or prolong signal potentia-
tion. It will be interesting to test whether this is the case for
other DNA viruses or whether these are directly sensed by
nuclear pools of cGAS, which may stimulate STING at the
endoplasmic reticulum via diffusion of cGAMP through the
nuclear pores. In agreement, cGAMP derived from DNA-
stimulated cells can diffuse through gap junctions to engage
distal STING in unstimulated neighboring cells (70). Future
studies are crucial for delineating cGAS nuclear functions
and the intersection of IFI16- and cGAS-dependent signal-
ing pathways.

Aside from regulating immune and inflammatory signaling
pathways, cell-intrinsic nuclear factors have also been demon-
strated to regulate chromatinization and transcription of viral
DNA genomes. For example, IFI16 represses expression of
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HCMV DNA polymerase genes UL54 and UL44 by reducing
the occupancy of the transcription factor Sp1 at promoter ele-
ments (71). Furthermore, IFI16 mediates nucleosomal loading
and epigenetic addition of heterochromatin-associated mark-
ers to HSV-1 genomic DNA during infection (72, 73). These
mechanisms are thought to limit recruitment of RNA Pol II and
associated transcriptional activation complexes to restrict viral
gene expression and genome replication. Emerging evidence
suggests that these IFI16 functions are intertwined with those
of sub-nuclear multi-protein complexes, known as nuclear
domain 10 (ND10) bodies (also known as promyelocytic leuke-
mia (PML) nuclear bodies). Like IFI16, ND10 body components
are IFN-inducible and rapidly associate with deposited viral
DNA genomes in the nucleus, acting as suppressors of viral
gene expression (74 –76). Stable knockdowns of ND10 body
components, including PML, death domain-associated protein
6 (hDAXX), ATRX, or Sp100, increase titers of an HSV-1 strain
that lacks the ubiquitin ligase activity ICP0, a viral protein that
targets ND10 bodies for degradation (77, 78). In agreement,
ATRX and hDaxx were shown to cooperate as part of a repres-
sive chromatin-remodeling complex, inducing a transcription-
ally inactive chromatin state around early-acting HCMV
promoters with the aid of chromatin-modifying histone
deacetylases (79, 80). Additionally, we have recently demon-
strated a direct interaction between both IFI16 and IFIX with
major ND10 body components and mediators of chromatin
assembly and transcription (29, 54).

Broad Impact of DNA-sensing Mechanisms

Recent studies have indicated that, in addition to defense
against DNA viruses, DNA-sensing mechanisms play critical
roles following infection with RNA viruses. Although their
genomes are composed of RNA, retroviruses, such as HIV, uti-
lize DNA intermediates to replicate. Upon entry into the cell,
the HIV RNA genome is reverse-transcribed to dsDNA in the
cytosol, whereby it is imported into the nucleus and integrated
into the host cell genome. Because of this unique replication
strategy, “pro-viral” DNA is also vulnerable to cellular DNA-
sensing mechanisms. Jakobsen et al. (35) tested an array of
HIV-derived DNA substrates with varying secondary struc-
tures and found that DNA-dependent type I IFN responses
require IFI16 in human monocytes. Moreover, cells with
reduced expression of the 3�-5� DNA exonuclease Trex
enhanced these IFI16-dependent cytokine responses upon
introduction of viral DNA. Finally, HIV infection in IFI16-de-
pleted primary human macrophages exhibited higher levels of
viral gene products relative to non-depleted cells. Together,
these results suggest that IFI16 limits HIV replication through
detection of HIV pro-viral DNA. As mentioned earlier, Monroe
et al. (45) subsequently found that cell death induced in CD4�

T cells during HIV infection is specifically mediated by IFI16,
rather than other characterized DNA sensors, and may account
for the progression of acquired immunodeficiency in HIV-pos-
itive patients. Although the exact mechanisms by which IFI16
exerts its functions in this context remain undefined, it may be
that sensing of the HIV provirus induces apoptotic cellular
responses to limit viral propagation. Altogether, these studies

have stirred interest in understanding the impact of IFI16 and
other DNA sensors on retrovirus infections.

Viral Immune Evasion of DNA-sensing Pathways

Considering pathogen-host co-evolution and the prevalence
of DNA viruses, the limited capacity of the host cell to detect
and elicit immunity to viral DNA during infection implies the
existence of viral immune evasion strategies. Although the con-
cept of nuclear DNA sensing is still in its infancy, some mech-
anisms utilized by viruses to inhibit IFI16-dependent immune
functions have been elucidated (Fig. 3). Recent studies from our
laboratory identified a physical interaction between IFI16 and
the major HCMV tegument protein pUL83 within HCMV-in-
fected nuclei (31, 41). We identified distinct N- and C-terminal
domains of pUL83 that directly bind the IFI16 PY domain and
block its homo-oligomerization, respectively (31). Further-
more, infection with a pUL83-deficient HCMV strain induces
both IFI16 multimerization and robust antiviral cytokine pro-
duction, which is dependent on the presence IFI16, STING, and
TBK-1 (31). Together, these results support a model in which
IFI16 binding to nuclear viral DNA catalyzes the PY-mediated
self-assembly of IFI16 aggregates that serve to initiate immune
signaling through the STING axis (Fig. 3). In turn, these IFI16
assemblies are obscured by pUL83 during infection, attenuat-
ing immune responses (Fig. 3, right). We have also demon-
strated that the pUL83-IFI16 complex can function to
stimulate HCMV gene expression at low viral loads (41). In this
way, HCMV both sequesters and repurposes IFI16 to serve as a
viral gene transactivator.

FIGURE 3. Herpesviruses have evolved distinct strategies for suppressing
IFI16 functions during infection. The HSV-1 E3 ubiquitin ligase ICP0, directly
or indirectly, catalyzes the proteasomal degradation of IFI16 (left). The HCMV
major tegument protein pUL83 binds directly to the PY domain of IFI16, inhib-
iting IFI16 oligomerization and consequential immune signaling (right).
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In contrast to HCMV, HSV-1 has evolved an alternative
strategy for countering IFI16 antiviral activities. Several groups,
including ours, have reported that IFI16 is rapidly degraded
during early stages of HSV-1 infection and maintained at low
levels onwards (37, 40, 42, 54). This degradation occurs exclu-
sively at the protein level in a proteasome-dependent manner
and requires transcription of viral gene products (54). Given
these data and its previously characterized ability to target cel-
lular proteins for proteasomal degradation (81, 82), the HSV-1
E3 ubiquitin ligase ICP0 was implicated. Indeed, HSV-1
mutants deficient for ICP0 (37, 42) or lacking ICP0 ubiquitin
ligase activity (54) are unable to degrade IFI16 to the same
extent as the wild-type virus. Furthermore, upon HSV-1 infec-
tion, IFI16 is recruited to nuclear ICP0-containing foci prior to
its degradation (37, 40, 54) and physically associates with ICP0
(54). However, it has been argued that, because ICP0 is also the
immediate-early transactivator of viral gene expression and its
absence drastically slows the kinetics of viral productive infec-
tion, compromising ICP0 activity may mask the function of the
true direct effector of IFI16 de-stabilization (40). Using the
HCMV transactivating protein IE1 to complement an ICP0-
deficient HSV-1 mutant, Cuchet-Lourenço et al. (40) demon-
strated IFI16 degradation even in the absence of ICP0. How-
ever, these studies were performed in HepaRG cells, rather than
primary fibroblasts used in similar studies. Considering that
HSV-1-induced IFI16 degradation is not observed in all cell
types (36, 40), the interpretation of these results is difficult.
Nevertheless, ICP0 expression alone cannot induce loss of
IFI16 (40, 54), and ubiquitylation of IFI16 upon HSV-1 infec-
tion remains to be reported. Despite these inconsistencies,
there is substantial evidence that nuclear IFI16 is able to elicit
robust immune signaling to HSV-1 in the absence of ICP0 (37,
54). Thus, ICP0, either directly or indirectly, functions to sup-
press this important signaling pathway (Fig. 3, left). Aside from
these few studies, our knowledge of the strategies utilized by
nuclear replicating DNA viruses to circumvent the aforemen-
tioned sensing pathways remains extremely limited.

Future Perspectives

Forthcoming challenges in DNA sensing rest upon elucidat-
ing several principal questions: What are the cellular mecha-
nisms distinguishing viral DNA from cellular DNA within the
nucleus? How are the nucleus-originating immune signaling
pathways propagated through the endoplasmic reticulum
STING axis? Specifically, identifying the molecular mecha-
nisms governing nucleus-originating signal transmission to the
cytosol, as well as back to the nucleus, remains an outstanding
question. An uncertainty that arises from these gaps in funda-
mental knowledge is how DNA-sensing pathways differentiate
between commensal microbiota and invading pathogens.
Insight into these aspects of host-virus interactions will serve to
catalyze the development of rational antiviral drug therapies.

In light of the immunological potential of DNA, its incorpo-
ration as an adjuvant in vaccines continues to be considered to
promote antiviral cellular and humoral immune responses (11).
Typically, a DNA vaccine consists of plasmid DNA encoding
viral antigens. To date, despite repeated clinical trials in
humans, the efficacy of such vaccines remains disappointingly

poor, largely because of low inductions of immunogenicity, due
in part to species-specific expression of TLR9 (83, 84). How-
ever, the growing success of DNA-based treatments encoding
disease-specific antigens in veterinary medicine has added new
incentive to revisit the use of DNA adjuvants in humans (83).
Understanding how DNA activates sensing pathways is partic-
ularly paramount to developing novel prophylactic therapeu-
tics against nuclear replicating DNA viruses.
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Since the cloning of the critical adapter, LAT (linker for acti-
vation of T cells), more than 15 years ago, a combination of
multiple scientific approaches and techniques continues to pro-
vide valuable insights into the formation, composition, regula-
tion, dynamics, and function of LAT-based signaling complexes.
In this review, we will summarize current views on the assembly
of signaling complexes nucleated by LAT. LAT forms numerous
interactions with other signaling molecules, leading to cooper-
ativity in the system. Furthermore, oligomerization of LAT by
adapter complexes enhances intracellular signaling and is phys-
iologically relevant. These results will be related to data from
super-resolution microscopy studies that have revealed the
smallest LAT-based signaling units and nanostructure.

An Introduction to LAT-based Signaling

T cells have a central role in adaptive immunity, and their
activation involves many signaling processes that are spatially
and temporally coordinated. T cells differentiate in the thymus,
circulate in the blood and lymphatics, and reside in mature
lymphatic organs (lymph nodes and spleen). T cell activation
requires physical contact between an antigen-presenting cell
bearing antigen and a T cell, whose clonally defined antigen
receptor (TCR)2 recognizes and binds its cognate peptide anti-
gen, which is bound to a molecule encoded by the major histo-
compatibility complex (pMHC). This initial binding event must
then be translated into a productive signal that involves the

recruitment and activation of specific molecules within the
lymphocyte to generate a successful immune response.

Genetic and biochemical studies have revealed the numerous
molecules in the signaling cascades involved in immune func-
tion. Activation of the TCR results in engagement of Src family
kinases, Lck and Fyn, and recruitment of the Syk family kinase,
ZAP-70, to the TCR where, in a process not fully understood,
these tyrosine kinases become activated. ZAP-70 then phos-
phorylates the membrane-bound adapter protein, LAT (linker
for activation of T cells) (1). Phosphorylated LAT associates
with critical proteins including enzymes and adapters that reg-
ulate most TCR-dependent responses. This association with
multiple signaling proteins allows LAT to serve as a point of
signal diversification and amplification downstream of the
TCR. The essential nature of LAT complexes to TCR signaling
was revealed by studies in Jurkat T cell lines lacking expression
of LAT that are severely defective in several TCR-mediated
signaling events (2, 3). In animal studies where either LAT is
deleted (4, 5) or knock-in mutations blocking LAT phosphory-
lation are introduced, thymocyte development is completely
blocked (6, 7). Furthermore, deletion of LAT in mature T cells
severely compromises T cell signaling (8, 9).

Microscopy Reveals Signaling Microclusters

Microscopy has been vital in bridging the gap between the
study of large immune structures such as tissues and cells, and
the small signaling complexes identified by biochemistry. Light
microscopy has revealed a specialized structure called the
immune synapse (IS) formed between T cells and antigen-pre-
senting cells upon successful TCR triggering. The complex
structure of the mature IS and its function are reviewed else-
where (10). Prior to IS formation and within the mature IS,
signaling occurs within microclusters, structures of roughly
200 –500 nm that are enriched in TCRs, costimulatory mole-
cules, and multiple signaling molecules, including upstream
kinases, adapters including LAT, and downstream effectors (11,
12). The enrichment of these signaling molecules in microclus-
ters creates a localized environment in which TCR signaling
events can be rapidly propagated to downstream effectors. The
functional properties that result from molecular clustering of
LAT-containing complexes is a significant question, but one
that has been difficult to resolve due to both the essential nature
of LAT to TCR signaling (see above) and the technical chal-
lenges of distinguishing between the role of individual LAT
complexes versus larger LAT clusters.

The spatial structure of the immune system is thus highly
organized at many size scales: from the organ level, cells, and
macromolecular structures between cells, to microclusters to
small protein complexes (Fig. 1). In this review, we attempt to
understand the activation of T cells over multiple size scales by
focusing on LAT, a protein that functions as a signaling hub in
T cell activation. We will first focus on LAT-nucleated protein
interactions, and then summarize current views on cooperativ-
ity and adapter-mediated oligomerization of LAT, and finally
we will review the super-resolution microscopy studies that
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demonstrate that LAT and other signaling molecules are found
in nanostructures within larger microclusters

LAT Nucleates Signaling Complexes

LAT has a very short extracellular region, a transmembrane
domain, and a long cytoplasmic region containing multiple
tyrosines that are rapidly phosphorylated following TCR stim-
ulation (13). These Tyr(P) motifs serve as binding sites for SH2
domain-containing proteins, including PLC-�1, Grb2, and
Gads (14 –16), allowing the nucleation of multiple signaling
complexes on LAT, which are essential for downstream signal-
ing. Grb2 and Gads consist of an SH2 domain surrounded by
two SH3 domains, which bind to proline-rich sequences in the
Ras guanine nucleotide exchange factor (GEF), Son of Sevenless
(Sos), and the adapter molecule SLP-76, respectively. SLP-76
further recruits molecules Nck, Vav, and Itk to the LAT com-
plex. Additional molecular interactions are also possible
because Grb2 and Gads, via their SH3 domains, and SLP-76, via
its Tyr(P) motifs and SH2 domain, can bind other proteins.
PLC-�1 has a catalytic domain as well as peptide and phospho-
lipid interaction domains that are important for Ca2� influx
and protein kinase C activation (17). The modular architecture
of protein domains in LAT-associated signaling proteins can be
used in a combinatorial fashion to generate flexibility, and pro-
vides for the conversion of the same signal input into potentially
a large number of different outputs (18).

The juxtamembrane region of LAT contains two cysteine
residues, Cys-26 and Cys-29, that are critical for LAT palmitoy-
lation. As a result of palmitoylation, LAT is localized in lipid
rafts or membrane microdomains that are resistant to deter-
gents (19). Reflecting the intense debate about the physiological
role of lipid rafts (20, 21), the importance of raft localization for
LAT function has been controversial. Although early studies

using cysteine mutants concluded that LAT localization to lipid
rafts was required for function (19), later studies demonstrated
that targeting of LAT to the plasma membrane is sufficient for
its function, irrespective of its lipid raft localization (22, 23).

In addition to being a positive regulator of T cell signaling,
LAT also recruits several negative regulatory proteins, includ-
ing kinases, phosphatases, and ubiquitin ligases, which ulti-
mately leads to signal termination (17). LAT is also subject to
ubiquitylation, and ubiquitin-resistant mutants of LAT display
enhanced signaling (24, 25). The above-described protein-pro-
tein interactions and post-translational modifications were
mapped by candidate coimmunoprecipitation studies to evalu-
ate interactions, one protein at a time. A recent study using
mass spectrometry revealed 90 signaling proteins associated
with LAT, ZAP-70, and SLP-76, many of which have not been
previously known to participate in TCR signaling (26). Thus,
the high-resolution power of newly available technologies will
lead to a more comprehensive understanding of the LAT sig-
naling hub.

The intracellular region of LAT comprises �200 residues
and has intrinsically disordered characteristics (27). Intrinsi-
cally disordered proteins (IDPs) or proteins with intrinsically
disordered regions (IDRs) frequently function as hubs in pro-
tein-interaction networks due to their physical characteristics
(28). The flexibility of IDRs allows for interactions with differ-
ent partners with high specificity, but low affinity, which
enables dynamic regulation of signaling complexes. The inher-
ently unfolded conformation provides accessible sites for post-
translational modifications. Because of its unstructured nature,
the LAT cytosolic region is likely to have a larger intermolecular
interface than a compact, well folded protein, which would
improve the accessibility of LAT tyrosines for kinases and bind-

FIGURE 1. Hierarchy of scale for studying the immune system. Important biological entities vary widely in size. Important small molecules such as water and
glucose are shown on the left side of the scale. Next are two representations of protein complexes: a ribbon diagram of the T cell receptor complexed to antigen
and MHC (Protein Data Bank entry 2GJ6 (66)) as well as a graphic of a LAT-based signaling complex. These complexes can be arranged into nanoclusters; a
localization microscopy image shows LAT molecules in red surrounded by SLP-76 molecules shown in green. Next, a confocal image shows diffraction-limited
microclusters in an activated Jurkat cell stained with an antibody to phosphorylated LAT. Signaling molecules can be arranged in large-scale patterns such as
the immune synapse shown in graphic form and as part of a two-cell conjugate between a Jurkat cell and a superantigen-pulsed B cell. Finally, these molecules
lead to activation of the immune system, represented by various lymphoid organs: thymus (top left), spleen (bottom left), and lymph nodes (right, axillary,
brachial, and inguinal).
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ing partners. Both modular protein domains as well as IDRs
contribute to cooperative effects in LAT complex stabilization
as described below.

Cooperativity Stabilizes LAT-based Signaling Complexes

Cooperative interactions among proteins are characterized
by an altered affinity due to multiple binding interactions
that influence each other. They can lead to nonlinear feed-
backs in biochemical networks (29). A multitude of studies
indicate that cooperative interactions among LAT-associ-
ated proteins drive the assembly of spatial and temporal spe-
cific signaling complexes.

Evidence for cooperativity within LAT-based signaling com-
plexes begins with proteins that interact directly with LAT.
Tyrosine phosphorylation of the LAT residues, Tyr-132, Tyr-
171, Tyr-191, and Tyr-226, induces interactions with the SH2
domain-containing proteins PLC-�1, Grb2, and Gads (14 –16).
A binding preference among these proteins has been observed
in co-precipitation or pulldown studies with PLC-�1 binding at
Tyr(P)-132, Gads at Tyr(P)-191 and Tyr(P)-171, and Grb2 at
Tyr(P)-171, Tyr(P)-191, and Tyr(P)-226 (16). Isothermal titra-
tion calorimetry (ITC) binding studies with synthetic peptides
and purified recombinant proteins have demonstrated that
Gads and Grb2 have a 50 –100-fold weaker affinity to Tyr(P)-
132, whereas the PLC-�1 SH2 domain has a 10-fold stronger
affinity to Tyr(P)-132. Although these data partially account for
the observed binding preferences, Grb2 and Gads do not have
substantially different affinities for the Tyr(P)-171, Tyr(P)-191,
or Tyr(P)-226 sites. Therefore, the binding affinities alone do
not sufficiently account for the above-described binding pref-
erences of PLC-�1 and Gads (30). Instead the results of multiple
studies suggest that cooperative interactions contribute to the
observed binding preferences. For instance, it was demon-
strated that tyrosine to phenylalanine mutations to the Gads/
Grb2-binding residues (Y171F, Y191F, Y226F) also reduced the
recruitment of PLC-�1 to LAT, likely reflecting the indirect
interaction of these molecules via Gads and SLP-76 (15, 31).
Further evidence for these interactions to be cooperative is that
the phosphorylated LAT residues must be on the same LAT
molecule, and cannot function in trans among multiple LAT
molecules (14).

Observations of cooperativity within LAT-based signaling
complexes have also been made from proteins that interact
indirectly with LAT, including SLP-76 and Sos1. Phosphoryla-
tion sites of SLP-76 bind the SH2 domains of the kinase, Itk, and
the guanine exchange factor, Vav; however, neither protein will
associate with SLP-76 in the absence of the other (32). Further-
more, as detailed below, SLP-76 requires the C-terminal SH2
domain for recruitment into microclusters (33, 34). Interest-
ingly, the C-terminal SH3 domain of Gads and the SH3 domain
of PLC-�1 induce a disorder-order transition in SLP-76, and
this may have a cooperative effect on the assembly of the
SLP-76 multiprotein complex on LAT (30, 35).

LAT Oligomerization by Multipoint Binding of Grb2 to
LAT and Sos1

Recently, it has been recognized that multivalency, whereby a
molecule can make multiple distinct binding contacts and thus

oligomerize signaling complexes, is an important form of coop-
erativity in cellular signaling (36). In the T cell, Sos1 is recruited
to LAT via the adapter Grb2, with the proline-rich region (PRR)
of Sos1 interacting with Grb2 via one of its SH3 domains, and
the SH2 domain of Grb2 interacting with LAT on any of three
phosphorylated Tyr residues (171, 191, and 226) (15). Detailed
analysis using mutated forms of LAT showed that at least two of
these sites must be phosphorylated for co-immunoprecipita-
tion between LAT and Grb2 (16), suggesting some level of
cooperativity in Grb2-LAT complexes, such that individual
interactions are destabilized.

Biophysical studies provided interesting insights into the
individual and combined interactions between LAT, Grb2, and
Sos1. ITC studies using purified Grb2 and phosphorylated LAT
peptides showed multipoint binding between LAT and Grb2,
such that a fully phosphorylated LAT could simultaneously
interact with three Grb2 molecules (37). Furthermore, analysis
of singly versus doubly phosphorylated LAT peptides revealed
cooperativity upon binding to multiple Grb2 molecules (38),
confirming the earlier immunoprecipitation studies. Similarly,
ITC between Grb2 and the PRR of Sos1 revealed two distinct
Grb2-binding sites on Sos1, such that Grb2 and Sos1 formed
a 2:1 complex (37). Moreover, analytical ultracentrifugation
studies revealed that Grb2-Sos1-Grb2 complexes could cross-
link LAT peptides, suggesting that these complexes could act as
a scaffold to promote LAT oligomerization (Fig. 2).

Microscopic analysis of LAT microcluster formation as a
surrogate measurement of LAT oligomerization confirmed a
role for Grb2 and Sos1 in LAT oligomerization. An ectopically
expressed LAT-YFP fusion protein, unable to bind Grb2
(LAT3YF mutant), was not incorporated into microclusters fol-
lowing anti-CD3� stimulation (37). More directly, CD3�-stim-
ulated endogenous LAT microcluster formation was defective
following Grb2 depletion in human T cells (39) and in Sos1�/�

DP thymocytes (40). In each case, defective TCR-dependent
ERK activation, PLC�-1 phosphorylation, and downstream cal-
cium flux were observed (37, 39, 40). However, it is difficult to
attribute these downstream signaling defects directly to a loss
of LAT oligomerization, due to the intertwined nature between
interactions required for the recruitment of individual com-
plexes to LAT and those required to promote LAT oligomeri-
zation. For example, although the LAT3YF mutation blocks
LAT microcluster formation (37), this same mutation blocks
the recruitment of both the Grb2-Sos1 and the PLC�-1-Gads-
SLP76-Itk complexes to LAT (15, 16). Similarly, depletion of
either Grb2 or Sos1 prevents the recruitment of Sos1 RasGEF
activity to LAT at the membrane. These overlapping functions
make it difficult to determine whether any changes in TCR-de-
pendent development (4 – 8, 41– 43) or signaling (8, 15, 16, 37,
39, 40) observed by LAT deletion, LAT mutation, or Grb2/
Sos1 deletion can be attributed directly to a loss of LAT
oligomerization.

In Vivo Studies Reveal a Role for Sos1-dependent LAT
Oligomerization in the Thymus

To overcome these limitations, we devised a transgenic sys-
tem that allowed us to independently restore Sos1�/� T cells
with either Sos1 RasGEF activity or the ability of Sos1 to nucle-
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ate Grb2-dependent LAT oligomerization (40). A catalytically
inactive mutant of Sos1 unable to activate Ras (F929A) was still
able to bind Grb2 and promote LAT microcluster formation,
allowing the restoration of the Sos1 scaffolding function with-
out its RasGEF activity. In contrast, a fusion construct in which
the PRR of Sos1 was replaced with the SH2 domain of Grb2
(Sos-SH2) directly recruited Sos1 RasGEF activity to LAT, but
lacked the ability to cross-link LAT molecules and promote its
oligomerization.

Assessment of CD3�-stimulated signaling in isolated thymo-
cytes from Sos1�/� mice expressing these constructs revealed
that the two Sos1 “functional domains” signal independently
downstream of the TCR. Sos1-dependent Ras/ERK activation
required the recruitment of Sos1 RasGEF activity to LAT, but
was completely independent of Sos1 scaffolding function. In
contrast,TCR-drivenLATphosphorylation,PLC�-1phosphor-
ylation, and downstream calcium flux required Sos1-depen-
dent LAT oligomerization, but were independent of Sos1 Ras-
GEF activity.

To determine the functional relevance of Sos1-dependent
LAT oligomerization, we further assessed receptor-driven thy-
mocyte development in these mice. At early stages of T cell
development in the thymus, a surrogate TCR known as the
pre-TCR is employed. Thymocytes must progress and survive
through multiple steps, including TCR� chain selection, as well
as positive and negative selection before achieving full func-
tional status (45). Previous studies had shown a role for Sos1 in
both pre-TCR-driven proliferation during �-selection (41) and
TCR-dependent negative selection (42) (for a detailed review of
Ras signaling during T cell development, see Ref. 46). Assess-
ment of TCR-dependent negative selection in these mice
revealed that this process required Sos1 RasGEF activity, but
was independent of Sos1-driven LAT oligomerization (40),
confirming the Ras dependence of this developmental
checkpoint.

In contrast, pre-TCR-driven proliferation required both
Sos1 RasGEF activity and scaffolding functions. Restoration of
either Sos1 RasGEF activity or its scaffolding function alone
failed to restore normal thymocyte proliferation. In contrast,
simultaneous restoration of these two signals in trans, accom-

plished by simultaneous expression of the F929A and Sos-SH2
transgenes in a Sos1�/� background, completely reversed the
Sos1�/� phenotype. Both normal pre-TCR-driven proliferation
and activation of downstream signaling pathways were
observed in these mice, confirming that Sos1 has two indepen-
dent functions that act in concert downstream of the TCR.
Thus, Sos1-mediated oligomerization is functionally relevant
in a complex developmental pathway.

Multipoint Binding of SLP-76 by ADAP

Combined interactions are also important in recruitment of
SLP-76-associated proteins to LAT. SLP-76, which binds indi-
rectly to LAT via Gads and is critical for appropriate T cell
responses, modulates signaling complex assembly by direct
interactions with enzymes and adapters, including PLC-�1,
Vav, HPK1, Nck, Gads, and ADAP (17). In confocal imaging
studies of T cell lines and peripheral blood lymphocytes, these
and other proteins were observed in microclusters (47– 49).
Interestingly, SLP-76 microclusters required both the Gads-
binding region and, unexpectedly, a completely different
region, the C-terminal SH2 domain of SLP-76 (33). This result
indicates that association with LAT is insufficient to incorpo-
rate SLP-76 into LAT-containing microclusters. Recently,
direct binding of the SLP-76 SH2 domain to three phosphory-
lated tyrosine residues, Tyr(P)-595, Tyr(P)-651, and Tyr(P)-
771, of the adapter ADAP was demonstrated along with the
potential for ADAP to oligomerize SLP-76 in vitro (34). These
results suggested a mechanism whereby SLP-76 microclusters
are stabilized by multipoint binding of the C-terminal SH2
domain to phosphorylated ADAP sites (Fig. 2).

Multicolor confocal imaging studies of Jurkat cell lines sup-
ported and extended the multipoint binding model by demon-
strating a role for all three ADAP sites in microcluster assembly
and stabilization. Single tyrosine to phenylalanine point muta-
tions to any one of the three ADAP sites reduced the total
amount of SLP-76 microclusters, co-localization between
SLP-76 and ADAP, and the recruitment of both SLP-76 and
ADAP into microclusters. Further live cell imaging studies
demonstrated a reduction in both microcluster assembly and
persistence associated with a loss of the ADAP-binding sites.

FIGURE 2. Formation of LAT oligomers following T cell activation. Binding of two Grb2 molecules to a single Sos1 protein allows the formation of LAT
oligomers. Both the GEF activity of Sos1 and multipoint binding are needed for full T cell activation. The binding of ADAP to multiple SLP-76 molecules
promotes SLP-76 clustering and could potentially induce LAT oligomers as well.

MINIREVIEW: LAT-based Signaling Complexes

OCTOBER 30, 2015 • VOLUME 290 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 26425



These results argue that ADAP is critical for the oligomeriza-
tion of SLP-76. In future studies, it will be important to examine
whether multipoint binding of SLP-76 to ADAP also impacts
LAT oligomerization. Regardless, it appears that there are mul-
tiple mechanisms for oligomerization of TCR activation-in-
duced signaling complexes.

Multivalent LAT and Phase Transitions

As described above, cross-linking of LAT can arise from the
formation of a 2:1 complex between Grb2 and Sos1. The 2:1
Grb2-Sos1 complex can bridge two LAT molecules through
interactions of the Grb2 SH2 domain with LAT phosphoty-
rosines on two separate LAT molecules. However, LAT con-
tains nine conserved tyrosines in its cytoplasmic tail, and of
these, the distal three are located in YXNX motifs that bind the
SH2 domain of Grb2 when phosphorylated (51). Thus, the
valence of LAT for Grb2 can vary from 0 to 3 depending on
the number of phosphorylated LAT tyrosines.

The distribution of LAT valence states depends on the
concentration of the activated kinase ZAP-70 (52), which in
turn depends upon TCR activation. Theoretical modeling
studies predicted that the valence of LAT for Grb2 is critical
in determining the nature and extent of aggregation. Mon-
ovalent LAT-Grb2 would block LAT chain formation,
whereas bivalent LAT-Grb2 would prevent LAT branching.
Thus, LAT aggregation would be significantly reduced in the
presence of mono- and bivalent LAT. Such states might be
favored by enhanced LAT-Gads-SLP-76 binding as Gads
competes for two of the Grb2-binding sites. In contrast, a
dramatic rise in LAT oligomerization would occur when the
valence for Grb2 switches from 2 to 3, at which point equi-
librium theory predicts the formation of a gel-like phase for
oligomerized LAT (53, 54).

Phase separation might promote compartmentalization of
LAT and LAT-binding partners in transient structures, thus
changing their local concentrations. This increased proximity
of signaling molecules can greatly facilitate various biochemical
processes (55). Local concentration of enzymes in proximity
with their substrates and even with each other would promote
enzymatic reactions and autoactivation that would not have
been possible in solution because of the intrinsic low affinity of
the interactions. Increased proximity between molecules in dif-
ferent complexes might enhance signal propagation between
adjacent complexes. Moreover, LAT molecules within these
compartments might be better protected from tyrosine phos-
phatases and thereby increase their signaling output.

This sort of phase separation has been shown to occur in
other signaling systems as well. For example, in the case of the
actin regulatory protein, Wiskott-Aldrich syndrome protein
(WASP), a phase transition resulted in a sharp increase in activ-
ity toward an actin nucleation factor Arp2/3 complex. In this
system, the phase transition was regulated by the degree of phos-
phorylation of nephrin, a known WASP interactor (56). Thus,
in both LAT and WASP systems, kinase activity potentially reg-
ulates the extent of oligomerization that then leads to phase
transition with functional consequences.

Super-resolution Studies Reveal LAT Nanoclusters

The size of TCR activation-induced signaling complexes is a
long-standing question that has been addressed using a variety
of imaging techniques. LAT-containing signaling microclus-
ters appear to be 200 –500 nm in diameter when visualized on a
stimulatory surface by diffraction-limited light microscopy
(Fig. 3A) (11, 12). LAT clusters are very dynamic, and studies
describing live cell imaging of LAT as well as the debate about
the cellular pool of LAT contributing to T cell activation are
reviewed elsewhere (17, 57).

Since LAT microclusters were first visualized, most signaling
molecules recruited to LAT have been localized to these struc-
tures, thus leading to the realization that microclusters are the
primary functional signaling unit. Microclusters have been
extensively studied in a wide range of model systems and in ex
vivo T cells (58, 59). However, the size and molecular composi-
tion of individual signaling complexes within the microcluster
are well below the limit of conventional light microscopy, lim-
iting our ability to understand the complexity of signaling
events that occur within these structures. Recently, new devel-
opments in optical methods have enabled significant improve-
ments in spatial resolution and have allowed visualization of T
cell signaling at the nanometer scale.

When viewed using stimulation emission depletion micros-
copy (STED), a form of super-resolution microscopy reviewed
in Ref. 60, most LAT microclusters are clearly composed of
smaller clusters in the range of 50 –70 nm, near the limit of
STED detection (Fig. 3B). Recently, many researchers have

A B
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FIGURE 3. Imaging LAT-based complexes at different scales. A, diffraction-
limited, deconvolved image of a Jurkat T cell activated on a coverslip coated
with anti-TCR (anti-CD3�) antibodies and stained for phosphorylated, active
LAT. Clusters of activated LAT appear as large puncta, several hundreds of
nanometers in size. Scale bar � 3 �m. B, deconvolved STED image of the same
cell reveals that microclusters are actually much smaller and that the largest
are often several small clusters close together. The smallest of these clusters
are near 50 nm in size. Scale bar � 3 �m. C, localization image of an activated
Jurkat T cell showing the locations of LAT molecules conjugated to the pho-
toactivatable protein, Dronpa. Scale bar � 2 �m. The inset shows a group of
individual LAT molecules from one of the denser areas. Scale bar � 100 nm.
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turned to single molecule localization microscopy (photo acti-
vation localization microscopy (PALM) and stochastic optical
reconstruction microscopy (STORM), reviewed in Ref. 61) to
visualize individual LAT molecules at even higher resolution,
and thus determine the size and organization of LAT clusters
(Fig. 3C). These studies revealed that LAT is clustered in both
unactivated and activated cells and that the extent of clustering
increased after TCR activation (62, 63).

Two-color PALM has been used to image LAT pairwise with
other signaling proteins. Studies assessing pairwise interaction
between LAT and TCR� have shown conflicting results. In one
study, LAT and TCR� nanoclusters mixed in unstimulated
cells. Upon stimulation, LAT nanoclusters only partially over-
lapped with nanoclusters containing activated TCR� and ZAP-
70, thus forming “hot spots” for LAT phosphorylation (63).
These conclusions contrast with another study that empha-
sized the role of larger “protein islands” of TCR� and LAT that
concatenate, but do not mix upon T cell stimulation (62). In
contrast, LAT clusters recruited Grb2 regardless of size, indi-
cating that even small nanoclusters contain phosphorylated
LAT. Interestingly, LAT and SLP-76 were reported to form
nanostructures with LAT tending to be in the center and
SLP-76 distributed on the outside (63) (Fig. 1). How small-scale
organization of LAT structures influences T cell activation is a
key unanswered question.

How Do Insights from LAT-based Complexes Apply to
Other Systems?

Technical advances in the past few years have transformed
our view of LAT complexes and clusters. Super-resolution
imaging revealed that the classic LAT microclusters visualized
by diffraction-limited microscopy more than a decade ago are
in fact made up of LAT nanoclusters that exist in a wide range of
cluster sizes in a continuous distribution. In vitro approaches,
using purified proteins and biophysical techniques, have
uncovered LAT oligomers that have in vivo function. Although
all LAT clusters, irrespective of size, get phosphorylated, as evi-
denced by Grb2 recruitment (as shown by PALM), whether the
smallest clusters can lead to productive T cell signaling or
whether larger LAT aggregates are required for certain TCR-
driven events remains an important question.

Higher-order oligomers have been observed in several sig-
naling cascades (55) and allow for signal amplification, impart
threshold response and reduction of biological noise, and
render temporal and spatial control of signaling. Several
adapter proteins and growth factor receptors have multiple
Grb2-binding sites, so Grb2-mediated oligomerization of such
proteins themselves might play a role in these signaling sys-
tems. In that context, in contrast to the widely held view that
dimeric EGF receptor (EGFR) is the predominant signaling
unit, some studies have implicated higher-order EGFR oligo-
mers as the dominant species associated with the ligand-acti-
vated EGFR tyrosine kinase activation (50, 64, 65). Recent evi-
dence that higher-order oligomers of EGFR bind Grb2 with
high efficiency points to EGFR clustering and adapter binding
in an oligomeric complex (44).

Key questions for future studies will involve understanding
how complex cooperative interactions and oligomer formation

control signal outcomes. Tractable in vitro systems can be used
to generate binding parameters that can be used to build mod-
els describing the behavior of LAT-containing complexes. For
example, phase transitions might be a general feature of multi-
valent signaling systems that impart nonlinearity in signaling
pathways. Better definitions of binding parameters could also
inform the design of inhibitors of signaling complex formation.
Finally, single particle cryo-EM or crystal structure data could
give us transformational insights into the structural basis of
clustering and cell signaling.

The LAT signaling hub can be seen as a system of heteroge-
neous molecular organization and dynamic protein assembly,
where gaining spatial and temporal information on specific
proteins at the nanoscale could yield fundamentally new
insights into signaling. These insights might extend to other
clinically relevant signaling systems, such as those activated by
growth factors, cytokines, or cell-cell contact. For T cells in
particular, these insights might have impact on the control of T
cells in treatment of autoimmune diseases or graft rejection and
the clinical use of T cells in immunotherapy directed at cancer
or chronic infection.
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Many proteins can form amyloid-like fibrils in vitro, but only
about 30 amyloids are linked to disease, whereas some proteins
form physiological amyloid-like assemblies. This raises questions
of how the formation of toxic protein species during amyloido-
genesis is prevented or contained in vivo. Intrinsic chaperoning or
regulatory factors can control the aggregation in different protein
systems, thereby preventing unwanted aggregation and enabling
the biological use of amyloidogenic proteins. The molecular
actions of these chaperones and regulators provide clues to the pre-
vention of amyloid disease, as well as to the harnessing of amyloido-
genic proteins in medicine and biotechnology.

Amyloid fibers are assemblies in which proteins or peptides
adopt a �-strand conformation and assemble into elongated
fibrils (1). This conversion of soluble proteins is self-propagat-
ing, as the presence of a small amount of proteins in amyloid
conformation can trigger further refolding of natively folded
proteins. The resulting fibrillar structures are hallmarks of
severe disorders, such as Alzheimer disease, prion diseases, and
diabetes mellitus (2).

Although amyloidogenic proteins natively adopt widely dif-
ferent folds, their aggregated states all share the use of stacked
�-sheets as the principal component. Many pathogenic amy-
loids are composed of short peptides or small proteins and
encompass paired �-strands linked by a turn, a structure that is
shared by functional assemblies such as the bacterial curli fibers
(1, 3). The HET-s prion, implicated in non-genetic inheritance
of yeast, forms a �-solenoid with its �-strands arranged in a
triangular shape (4). Electron microscopy additionally suggests
that yeast prion fibers are capable of forming higher-order

structures linked by organizational elements (5). Spider silk,
which shares key characteristics with amyloid fibers (6, 7), is
composed of �-crystalline blocks connected by unstructured
segments, an architecture that gives rise to the exceptional
properties of silk (8 –10).

The common structural principles of amyloids also convey
their double nature as “good” or “bad” assemblies; self-propa-
gation and high stability are essential for functional amyloids,
for example those that facilitate the rapid deactivation and stor-
age of transcription factors in yeast or provide scaffolding for
reaction intermediates (1). On the other hand, runaway aggre-
gation of highly resistant protein assemblies poses serious
threats to cellular function, as evident from protein aggregation
diseases. Amyloid and/or intermediates occurring during fiber
assembly are cytotoxic, and several underlying mechanisms
may apply. Toxic properties appear to be inherent with amyloid
formation process independent of the proteins involved (11).
Proposed mechanisms include membrane damage (12) and
sequestration of intracellular proteins (13). For the amyloid
�-peptide (A�)4 associated with Alzheimer disease, many stud-
ies indicate that pre-fibrillar intermediates present during the
aggregation trigger neuronal dysfunction, rather than the fibrils
per se (14). However, mature fibrils can also exert more potent
toxic effects than pre-fibrillar forms of A� in certain experi-
mental systems (15).

Several molecular chaperones, and even non-chaperone pro-
teins (16), have been implicated in the defenses against amyloid
(Table 1). This minireview focuses on two chaperones, the
BRICHOS domain and CsgC, which appear to have evolved to
protect specific amyloidogenic clients, and on regulatory domains
that control time and place of formation of functional amyloids.

Amyloidogenic Sequences Guarded by Dedicated
Chaperone Domains

It has been proposed that the ability to form amyloid is a general
property of the protein backbone (17). However, some sequences
are significantly more aggregation-prone than others (18, 19). As a
result, proteins are required to safeguard such segments in their
folded state to prevent unwanted aggregation (20). However, some
short amyloidogenic peptides lack the ability to conceal their
aggregation hot spots due to lack of stable secondary structures
and/or a three-dimensional fold. An example is lung surfactant
protein C (SP-C), a 35-residue transmembrane peptide that con-
tributes to the control of the surface tension of the alveolar air/
liquid interface by affecting the phospholipid bilayer to adopt
monolayer transitions (21).

The transmembrane region of mature SP-C has an �-helical
conformation in the membrane (22). However, the SP-C trans-
membrane segment is composed essentially of polyvaline and
therefore strongly favors a �-strand conformation. As a conse-
quence, the SP-C helix is unable to refold into the helical structure
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once it has unfolded, and then instead aggregates (23). The insol-
uble, aggregated form of SP-C contains a �-sheet structure and
shows abundant amyloid-like fibrils (24). In sharp contrast to the
native poly-Val structure, a poly-Leu analogue of SP-C has a high
helix propensity (19) and results in a dramatic increase in the spon-
taneous formation of a stable �-helix with no signs of amyloid fibril
formation (25). A fully synthetic lung surfactant preparation based
on this analogue is efficient in animal models of respiratory disease
(26–29). This shows that sequence-dependent amyloidogenic
properties can be overcome by protein engineering. It also raises
the question of how nature has solved the problem of folding the
highly �-prone transmembrane segment of SP-C into an �-helix.

BRICHOS: A Multi-purpose Anti-amyloid Chaperone

In vivo, SP-C is synthesized as a proprotein (proSP-C) that
includes a BRICHOS domain. BRICHOS domains were first
identified in multiple sequence alignments of the BRI proteins
that are related to British and Danish dementia, as well as chon-
dromodulin and proSP-C (30). Subsequently, BRICHOS-con-
taining proteins have been identified in 10 protein families with
relations to a range of human diseases such as lung fibrosis and
cancer (31, 32). The proSP-C BRICHOS domain displays anti-
amyloidogenic chaperone activity, and mutations in this
domain lead to the accumulation of SP-C amyloid (33). The
proSP-C BRICHOS domain hence may be a chaperone tailored
to interact with a particularly amyloidogenic sequence (34, 35).
Other BRICHOS homologues possess similar chaperone activ-
ity (36, 37). Most importantly, the BRICHOS-containing Bri2
protein (also known as ITM2B), which is expressed in the cen-
tral nervous system, is closely linked to protein aggregation dis-
eases. Mutations in the C-terminal part of Bri2 give rise to
familial Danish and British dementias (38, 39), whereas its
BRICHOS domain is associated with amyloid plaques in
patients with Alzheimer disease (40). Moreover, Bri2 sup-
presses A� deposition, suggesting that the levels and/or activity
of Bri2 can play a role in Alzheimer disease (41). Bri2 is believed
to be a physiological inhibitor of A� precursor protein pro-
cessing, probably by masking the cleavage sites for the pro-
cessing enzymes. Consequently, it has been suggested that the
loss of wild-type Bri2 affects the levels of A� precursor protein

metabolites, causing similar pathobiology in familial Danish
dementia and Alzheimer disease (43).

ProSP-C BRICHOS lacks strict sequence specificity (44) and
is also able to inhibit amyloid formation of other peptides and
proteins, including A� (37). Expression of A�42 in the brain of
transgenic Drosophila flies decreases longevity and impairs
locomotor activity, correlated with A� aggregation and depo-
sition in the brain (45). Crossing A�42 transgenic flies with
transgenic flies overexpressing the BRICHOS domain from
proSP-C alleviates the lifespan deficit and improves the loco-
motor activity (46). A�42 and BRICHOS were found to co-lo-
calize in the brain, which can explain the slower A�42 aggrega-
tion. Together with in vitro data showing that the BRICHOS
domain binds to the surface of A� fibrils and blocks secondary
nucleation (47) (see below), this strongly suggests that the
BRICHOS domain constitutes a direct example of a proprotein
domain with the specific ability in vitro and in vivo to prevent
toxicity from amyloid formation.

Chaperones in the Regulation of Functional Amyloids

Although constant safekeeping can be sufficient to control
amyloidogenic proteins in a cellular environment, the require-
ments for functional amyloids are different. Here, aggregation
has to be initiated in response to external cues, meaning that
any chaperoning or regulatory factors present must be tunable.
At the same time, the potentially toxic effects of these assem-
blies have to be kept at a minimum. This can be achieved via
dedicated chaperone proteins that can prevent or promote the
aggregation of their targets, as exemplified by the chaperone
network that controls the generation of prion protomers, fibers,
and seeds in yeast. Because soluble and aggregated yeast prions
represent transcription factors in their active and inactive
states, respectively, their distribution during cell division
results in non-genetic inheritance (48). Prion assembly is regu-
lated by parts of the proteostasis network responsible for
protein folding and quality control in general (49). Its chief
component is heat shock protein (Hsp)104, an ATP-driven dis-
aggregase with the unique ability to dissociate amyloid fibrils
(50). Hsp104 is able to break down prion fibrils to produce
aggregate “seeds” that accelerate the conversion of soluble pri-
ons into fibrils. Interestingly, it has recently been reported that
Hsp104 and the co-chaperone Sis1 exhibit differential interac-
tions with their amyloid system, depending on which parts of
the amyloidogenic sequences are accessible in different fibril
morphologies (51, 52). This illustrates how chaperones can be
adapted to fulfill specific amyloid-related functions. However,
yeast disaggregases are not specific for amyloids alone and still
retain a role in the protein folding and quality control machin-
ery of the organism.

A different strategy involving a dedicated anti-amyloid chap-
erone can be found in enteric bacteria that utilize protein com-
ponents under the control of the curli operons to produce func-
tional amyloid fibers (53). The resulting curli fibers are
assembled extracellularly and contribute to biofilm production
for surface colonization. The main component of the fibers, CsgA,
is secreted into the extracellular space in an unstructured state,
where the membrane-associated CsgB acts as aggregation tem-
plate (54). CsgA and CsgB each have five stacked �-strand-turn-

TABLE 1
Proteins with anti-amyloid chaperoning activity

Chaperoning protein Client protein Reference

proSP-C BRICHOS SP-C, Medin, A�40, A�42 37 and 81
Bri2 BRICHOS A�40, A�42 37 and 60
Gastrokine-1 BRICHOS A�40 36
CsgC CsgA, CsgB, �-synuclein 57
Hsp104 A�42, Sup35 59 and 82
Hsp70 A�42, �-synuclein 83 and 84
Hsp90 A�42 83
Hsp27 A�40 85
DnaJ B6 A�42 86
Prefoldin A�42 87
�B-crystallin A�40, A�42 88
Clusterin A�42, calcitonin, lysozyme,

�-synuclein, �2-microglobulin,
�-casein

89

Haptoglobulin
�2-macroglobulin

A�42, calcitonin, lysozyme 90

Lysozyme A�40 91
Pyruvate kinase A�40 16
Catalase A�40 16
�-Lactoglobulin A�40 16
�-Lactalbumin A�40 16
Albumin A�40 16
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�-strand motifs formed by imperfect repeats. In the more
amyloidogenic CsgA, aggregation propensities of the repeats are
fine-tuned by gatekeeper residues that reduce self-assembly (55).
Recently, the CsgC protein was identified as a chaperone that pre-
vents the intracellular aggregation of unsecreted CsgA. Its produc-
tion is correlated with the other components of the Csg system
(56), and it likely functions as a specific anti-amyloid chaperone in
the production of curli fibers. Interestingly, CsgC was found to
inhibit amyloid formation not only of CsgA, but also the Parkin-
son-associated �-synuclein, while not affecting the aggregation of
the highly amyloidogenic A� peptide (57). In contrast, for the
BRICHOS domain, it appears to be the other way around; it effi-
ciently reduces A� aggregation and toxicity (see above), whereas it
only marginally inhibits �-synuclein aggregation.5

Mechanisms of Anti-amyloid Chaperones

Because a significant part of the proteome possesses the
ability to form amyloid fibers (20), the general protein fold-
ing and quality control systems, supplemented with client-
specific chaperones, are likely to constitute the first line of
defense against amyloid formation (58). Hsp104 and its co-

chaperones, in addition to their specific role in prion regu-
lation, also work as an all-purpose system to remove protein
aggregates, and to act on intermediates at all stages of aggre-
gation (59).

However, there are instances where a highly targeted chap-
eroning approach is essential, as illustrated by the non-native
conformational preference of SP-C (33). Additionally, func-
tional amyloids require regulated partitioning between soluble
and assembled states to avoid precocious aggregation. A com-
parison of the amyloid-specific chaperones BRICHOS and
CsgC provides clues to how they exert anti-amyloid activities
and prevent toxic effects (Fig. 1). Both are closely associated
with their targets; proSP-C BRICHOS is synthesized together
with SP-C as part of the same proprotein (30), and CsgC is
co-expressed together with CsgA and CsgB under the control of
the csgBAC operon (56).

Mode of Action of the BRICHOS Domain

Peptide binding studies have revealed that proSP-C
BRICHOS lacks strict sequence dependence, but preferentially
recognizes hydrophobic amino acid residues with high
�-strand propensity. The related BRICHOS domain from Bri2,
in contrast, preferentially binds Tyr and charged residues (44,5 J. Presto and J. Johansson, unpublished data.

FIGURE 1. Architectures of proSP-C and the bacterial curli system. Left side, ProSP-C is shown with its transmembrane SP-C part in red. The proSP-C BRICHOS
domain, located in the endoplasmic reticulum lumen, prevents the aggregation of the amyloidogenic SP-C segment. Hydrophobic residues in the putative
client-binding face A of the central �-sheet and its opposing helix 1 are highlighted in red. Right side, for the curli system, the amyloidogenic segments in CsgA
and the Gln residues in CsgC are highlighted in green. CsgC keeps CsgA in a soluble state for export through the secretion channel CsgG. In the extracellular
space, CsgB nucleates the assembly of CsgA into curli fibers.
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60, 61). Hydrophobic, �-prone residues are commonly found in
amyloid-forming segments (19), and consequently, the ability
of proSP-C BRICHOS to bind SP-C conveys an anti-amyloid
activity that goes beyond SP-C (44). Analysis of the high-reso-
lution structure of proSP-C BRICHOS shows a unique fold
composed of a five-stranded �-sheet flanked by �-helical seg-
ments on each side (33). This fold is likely shared by other
BRICHOS domains, although low sequence identities make it
difficult to model the unknown structures (32). In proSP-C
BRICHOS, the interface between one of the �-sheet faces and
�-helix 1 is lined with hydrophobic residues (Fig. 1, left side).
The SP-C segment in an unfolded or �-hairpin conformation
could be embedded in the resulting hydrophobic groove (33).
BRICHOS can thereby prevent SP-C aggregation by reducing
the entropic cost of acquiring the polyvaline helical fold and by
preventing protein-protein contacts that lead to amyloid for-
mation (62). Structural modeling and sequence comparisons
suggest that the features of the �-sheet/helix 1 interface differ
between BRICHOS homologues and that this design may be the
basis of their client preference (32).

Sub-stoichiometric amounts of recombinant BRICHOS
domains of human proSP-C and Bri2 prevent fibril formation of
both A�40 and A�42 in vitro (37). Recently, it was shown that
proSP-C BRICHOS specifically inhibits the secondary nucle-
ation of A�42 aggregation (47). BRICHOS binds to the fibril
surface and blocks the sites, where otherwise the secondary
nucleation takes place, thus leading to significantly less oli-
gomer formation. By preventing the major source of oligomers,
BRICHOS slows the exponential growth of the fibril and
reduces the toxicity associated with A� aggregation. Indeed,
using hippocampal slice models, proSP-C BRICHOS was
shown to interfere with A� fibril formation through suppres-
sion of the generation of toxic aggregates (47).

Insights into the Molecular Mechanism of the CsgC
Chaperone

The molecular action of the curli chaperone CsgC is not yet
clearly established, but its features provide some clues. The
CsgC structure is homologous to the N-terminal region of the
redox protein DsbD that forms a �-sandwich with a hydropho-
bic core (63). It is possible that CsgC utilizes the same mecha-
nism as most chaperones by displaying hydrophobic segments
to interact with the unfolded substrate. However, it was not
found to interact with A�, which harbors hydrophobic and aro-
matic residues with high �-strand propensity in its amyloid
core region (64). Instead, the preferred target sequence for
CsgC was identified as a DQWXGKNSE motif located at the
end of repeat 3 of CsgA. However, the glutamine- and aspar-
agine-rich segments in other repeats as well as in CsgB may also
be recognized (57). CsgC contains a high number of glutamine
residues evenly distributed on its surface (Fig. 1, right side).
Because the glutamine-rich repeats in CsgA act as zippers that
bind the �-strands together during aggregation, it is tempting
to speculate that the glutamine-containing segments exposed
by CsgC may bind partially unfolded CsgA oligomers, in this
manner blocking self-assembly (3, 57).

Spider Silk Utilizes Alternative Strategies to Control
Amyloid Assembly

The presence of specialized chaperones to control assembly
is not common for functional amyloids. Instead, the role of a
regulatory system can be fulfilled by conformational switches in
the protein itself that prevent or promote self-assembly (65).
For example, spidroins, the principal components of spider silk,
undergo a rapid change from a soluble to an insoluble state. In
their soluble state, they are stored in the sac of the silk gland as
an extremely concentrated fluid dope, with spidroin concentra-
tions equal to the total protein concentration of the cytosol
(30 –50 weight %) (66). During its travel through the duct of the
gland, the dope experiences changes in pH, CO2 pressure, and
salt concentration that mediate the assembly into extendable
fibers with �-crystalline blocks (9, 67, 68). This process is con-
trolled via conserved N- and C-terminal domains (NT and CT),
which are unique to spidroins. NT and CT are stably folded and
confer solubility under storage conditions, but through exter-
nal stimuli, they can be switched to act as triggers for assembly
(Fig. 2) (68 –70). Protons and CO2 affect the stabilities and
properties of NT and CT in different but specific ways. For the
CT, decreasing the pH and interacting with CO2 contribute to
further destabilization (68). The pH-dependent destabilization
is likely initiated by breakage of a conserved salt bridge, liberat-
ing an amyloidogenic segment that forms amyloid-like fibrils,
which in turn seed the aggregation of the repetitive segments.
This is a hitherto unknown functional application of amyloid
seeding (71).

Spiders apparently have adopted the amyloid seeding phe-
nomenon (72, 73) to control fiber formation. The structural

FIGURE 2. Concerted structural changes of NT and CT regulate spidroin
assembly. At the bottom, a spider silk gland with its tail, central sac, and
three-limbed duct is shown, below which the pH and CO2 pressures in the tail
and distal duct regions are indicated. Structural changes of NT and CT
between soluble and assembled states are depicted above the gland; NT acts
as a lock and forms dimers that initially are flexible but become increasingly
stable as pH continues to drop, and CT gets destabilized, unfolds, and forms
amyloid-like fibrils that may trigger fiber formation. See text for details.
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transitions of CT into �-sheet fibrils in the duct of the silk gland
result in nuclei that trigger the conversion of the repetitive
regions into �-sheet polymers (68). The N-terminal domain, on
the other hand, is stabilized by charge interactions at low pH
and undergoes a multistep monomer-to-dimer transition that
crosslinks the spidroins in the nascent fiber (68, 74). Fast poly-
merization kinetics are required for the ability of spiders to spin
silk at �1 m/s. However, it is also vital for the spider to ensure
that the polymerization process is confined to the duct and not
spread up to the sac where it could prematurely aggregate the
contents of the gland. Loosely associated NT dimers at the
beginning of the duct provide a solution to both these prob-
lems; they ensure pre-alignment of the NTs so that the inter-
locking of the silk proteins in the distal parts of the duct is
independent of diffusion (i.e. they associate ultra-fast) (75). At
the same time, they act as a safety mechanism that keeps the
pulling forces from propagating up to the gland (68, 71, 74).
Through the concerted actions of NT and CT, mature silk can
be generated at high speeds. However, the terminal domains of
spidroins are not the only factors that confer temporal and spa-
tial control over silk fiber formation. The spiders pull the fiber
out of the silk gland, and this may promote refolding of helical/
random repetitive segments into extended, �-sheet conforma-
tions. The passage of the spidroins through the narrowing duct
will also cause shearing, which has been shown to contribute to
the transition of CT into �-sheet nuclei (70).

Chaperones and Regulatory Domains for the Prevention
of Amyloid Disease and Design of New Biomaterials

Dedicated anti-amyloid chaperones provide insights into the
strategies that can be employed to prevent amyloid disease or
allow the functional use of the unique amyloid fold. Common to
all systems is their ability to overcome amyloid toxicity. They
can confine aggregation to a specific compartment, as exempli-
fied by the pH dependence of spider silk assembly through the
well regulated pH gradient in the silk gland (68). Alternatively,
control mechanisms can take the shape of chaperone compo-
nents like the BRICHOS domain or CsgC that are co-produced
with their amyloidogenic targets and prevent self-association
and the generation of toxic, misfolded species.

It has been proposed that the same strategies may be har-
nessed to prevent the detrimental effects of disease-related
amyloids in vivo (76). To achieve this, a chaperone should
sequester aggregation from the sensitive cellular environment
or modulate aggregation pathways to suppress the generation
of toxic species altogether. In fact, chaperone systems have
been successfully used to modulate neurodegenerative diseases
by overexpression of chaperones in the affected tissue, which
illustrates the power of this approach (77). The recent discovery
that BRICHOS specifically blocks the secondary nucleation
step in A�42 fibril formation (47) (see above) suggests novel
ways to combat Alzheimer disease, as the addition of BRICHOS
may efficiently block generation of toxic oligomers. Chaper-
one-based strategies are hampered by the need to deliver high
amounts of functional proteins to the affected tissues or cells.
To circumvent this problem, it might instead be possible to use
endogenous chaperones that are already present at the site
where the toxic protein species originate. The production of the

BRICHOS domain from the neuronal BRI2 together with A�42
in transgenic mice results in no detectable cognitive decline
although plaques were formed (78), suggesting that BRICHOS
can block A�42 secondary nucleation and consequently also the
formation of toxic oligomers in vivo (46).

An alternative strategy is the targeted inhibition of chaper-
ones of the cellular quality control system. Although counter-
intuitive at first sight, this strategy effectively increases the pro-
teolytic turnover of the chaperone’s target proteins. It has been
shown that inhibition of ATP binding to Hsp90 and Hsp70 by
small molecules is able to reduce the load of aggregation-prone
polyglutamine proteins. Due to the broad specificity of Heat
shock proteins, however, this interference potentially affects
the entire proteostasis network (79). It will be interesting to see
whether similar approaches can be adapted to amyloid-specific
chaperones.

Another application would be the production of amyloid-like
biomaterials or aggregation-prone proteins for biomedical
applications (80). In this case, inclusion of chaperones or regu-
latory components from functional amyloids or anti-amyloid
chaperones in the recombinant production of aggregation-
prone proteins may provide a cost-effective and less invasive
alternative to protein engineering strategies.
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Eukaryotes use a tiny protein called ubiquitin to send a variety
of signals, most often by post-translationally attaching ubiquit-
ins to substrate proteins and to each other, thereby forming
polyubiquitin chains. A combination of biophysical, biochemi-
cal, and biological studies has shown that complex macromolec-
ular dynamics are central to many aspects of ubiquitin signaling.
This review focuses on how equilibrium fluctuations and coor-
dinated motions of ubiquitin itself, the ubiquitin conjugation
machinery, and deubiquitinating enzymes enable activity and
regulation on many levels, with implications for how such a tiny
protein can send so many signals.

Ubiquitin was first identified as a small, highly conserved,
and heat-stable protein ubiquitously expressed in all eukaryotes
and was later shown to be a central regulator of protein home-
ostasis by directing substrates to the proteasome (1). Since this
seminal work in the late 1970s and early 1980s, the covalent
modification of substrates with ubiquitin and ubiquitin chains
has been shown to control myriad cellular processes (2) and has
also been implicated in the pathology and potentially the treat-
ment of numerous diseases (3).

Ubiquitin is typically attached to substrate proteins via an
isopeptide bond between the flexible C terminus of ubiquitin
and the �-amino group of a substrate lysine, although substrate
proteins can also be ubiquitinated at their N terminus. The
initial modification can be differentiated by conjugation of
additional ubiquitin molecules at any of ubiquitin’s seven lysine
residues or its own N terminus, resulting in the formation of
ubiquitin chains. These different chain linkages encode differ-
ent signals, and tens of thousands of protein isoforms are ubiq-
uitinated in human cells, implying a massive potential regula-
tory impact for the cell (4). Lys-48 polyubiquitination is the
canonical ubiquitin signal marking substrates for degradation
by the proteasome (5), although Lys-11 chains have also been
shown to encode degradative signals, particularly in the regula-
tion of mitosis (6). Lys-63 and linear chains are involved in

driving substrates to specific signaling complexes, including
those involved in NF-�B signaling (7), whereas Lys-6 chains
have been implicated in autophagy (8, 9). Although all possible
linkages have been detected in cells (10, 11), the functions of
Lys-27, Lys-29, and Lys-33 chains are still emerging. The pos-
sibility of branched chains and chains of mixed linkages pro-
vides further complexity. Because the literature on ubiquitina-
tion is vast, we will direct the reader to more exhaustive reviews
covering other aspects of ubiquitin signaling throughout this
minireview.

Ubiquitination of substrates is controlled by the action of
three families of enzymes: the ubiquitin activating enzymes
(E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin
ligases (E3s). Ubiquitin modifications are edited or removed
from substrates by deubiquitinating enzymes (DUBs).3 In
humans, there are two E1s, 30 – 40 E2s, over 600 E3s, and over
100 DUBs, resulting in an abundance of regulatory possibilities.

Due to the importance of ubiquitin in eukaryotic biology (not
to mention its extreme thermal stability and high solubility),
ubiquitin is one of the most biophysically well studied proteins,
and a growing body of literature has highlighted the importance
of protein dynamics in its function. Here we define dynamics as
the combination of the states a molecule can adopt, and the
rates with which it samples those states. Protein dynamics are
essential in ubiquitin recognition (12), the ubiquitin conjuga-
tion machinery exploits large conformational rearrangements
to ubiquitinate substrates (13), and various DUBs have been
shown to be allosterically regulated by ubiquitin (14) or to
depend on the conformational fluctuations of ubiquitin chains
(15). In this minireview, we highlight the conformational
dynamics of ubiquitin, the dynamic structures of ubiquitin
chains, and how the ubiquitination and deubiquitinating
machinery harnesses conformational dynamics. We have
focused on systems in which experimental data provide a solid
foundation for an understanding of the states and/or rates of
conformational dynamics in the ubiquitin system.

Ubiquitin: The Poster Child for Protein Dynamics

Ubiquitin is a member of the �-grasp family of protein folds,
where an �-helix is formed between two pairs of sequential
�-strands (Fig. 1) (16). Ubiquitin’s compact fold allows for the
dense presentation of sites for interaction with various protein
partners, including eight potential covalent ubiquitination sites
(seven lysine residues and the N terminus) as well as multiple
non-covalent binding sites. Non-covalent engagement of ubiq-
uitin is most frequently facilitated through two surface-exposed
hydrophobic patches. The Ile-44 patch contains Ile-44, Leu-8,
His-68, and Val-70 and is the ubiquitin surface most frequently
engaged by binding partners, including the proteasome (17).
The Ile-36 patch contains Ile-36, Leu-8, Leu-71, and Leu-73 and
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is involved in intrachain interactions within ubiquitin chains
and is also recognized by some binding partners (2, 18).

The �-grasp family includes many ubiquitin-like proteins
(Ubls) that can also covalently modify substrate proteins
through the action of analogous E1, E2, and E3 enzymes (19).
Ubl domains are also frequently found embedded in polypep-
tides involved in ubiquitin signaling. Despite the prevalence of
structural homologs of ubiquitin and variation on the DNA
level, the amino acid sequence of ubiquitin itself is extremely
well conserved: only 3 out of 76 residues vary from yeast to
humans. This implies that almost every residue plays some
functional role that impacts evolutionary fitness. For example,
recent work has suggested that the high stability of ubiquitin is
necessary for efficient ubiquitin recycling upon proteasomal
degradation of substrates (20). Ubiquitin’s extreme conserva-
tion and stability have led many to consider it an immovable
“rock,” overlooking the intrinsic conformational dynamics of
ubiquitin that have been implicated in its ability to associate
with many binding partners (12, 21, 22).

Although the C terminus of ubiquitin is unconstrained and
flexible on a fast (i.e. nanosecond) timescale, a portion of ubiq-
uitin’s core near the N terminus of ubiquitin’s �-helix has been
known to be dynamic on the much slower microsecond to mil-
lisecond timescale since the early 1990s (23–25). Further char-
acterization of these motions with spin relaxation experiments
identified that this spatially clustered region fluctuates with a
timescale of �40 –100 �s (25–29). This same region has also
been observed to be mobile in a recent 1-ms molecular dynam-
ics simulation of the native state of ubiquitin (30). As this region
of ubiquitin is rarely contacted by binding partners, the func-
tional significance of this motion remains unclear.

Microsecond conformational dynamics in a different region
of ubiquitin were later identified through a hybrid computa-
tional and experimental approach using residual dipolar cou-

plings (RDCs). By combining many RDC datasets, ensemble
refinement showed that ubiquitin’s �1-�2 loop region was
more mobile than previously appreciated. The dominant
motion covered by this ensemble has been termed the pincer
mode, which captures the opening and closing of the �1-�2
loop with respect to the C-terminal end of the �-helix, and
seems to occur with a timescale of �10 �s (31). Strikingly, the
examples of the open and closed conformations observed for
apo ubiquitin correlate with states recognized by ubiquitin’s
binding partners, such that structures in complex with each
binding partner lie along coordinates defined by the pincer (12).

Recognition of Monoubiquitin Relies on Its
Conformational Flexibility

The observation that motions observed for apo ubiquitin
cover the conformational space of ubiquitin in complex with
partners argued in favor of a conformational selection mecha-
nism, in which binding proceeds by picking competent confor-
mations out of a pre-existing equilibrium distribution (12).
However, several studies have stressed that interactions with
ubiquitin also display characteristics of induced-fit binding
mechanisms, in which partner binding triggers a subsequent
conformational change (32–34). It is becoming increasingly
clear that real protein-protein interactions rarely occur by
purely conformational selection or induced-fit mechanisms
(35). Despite continued debate about the mechanistic details of
ubiquitin binding events, the conformational plasticity of ubiq-
uitin is certainly involved.

The connection between ubiquitin conformational dynamics
and binding events has been more directly shown by studies
that mutationally alter dynamics. For example, point mutations
in the hydrophobic core of ubiquitin (L69S and L69T) that
decrease overall protein stability and increase the flexibility of
the �-sheet-binding interface impair binding to one class of
partner proteins (ubiquitin-interacting motifs (UIMs)) without
affecting binding to partner proteins containing a UBA domain
(36). These same point mutations were recently predicted to
destabilize an “open” substate of the �1-�2 loop (37). If muta-
tions that destabilize a partner-preferred state can negatively
affect interactions, can mutations favoring a partner-preferred
state strengthen interactions? We have used a combination of
structure-based computational design and phage display to sta-
bilize certain states and found several multisite mutants of
ubiquitin with greater affinity and high selectivity for various
ubiquitin signaling proteins. These variants, containing up to
seven core mutations, are thermally stable but possess either
altered structures or altered timescales of motion, with con-
comitant effects on cellular function (21, 22). The precise struc-
tures of sparsely populated “hidden states” have been described
for wild type ubiquitin, but are unknown for any of the above
mutants, and future work will hopefully shed further light on
how transitions between particular substates affect function.

One Ubiquitin, Many Chains, Even More Conformations

As ubiquitin is often biologically active in a polymeric con-
text, the structures and dynamics of ubiquitin chains could
play key roles in the discrimination of ubiquitin-mediated
signals. The eight potential linkage points between ubiquitin

FIGURE 1. The structure of ubiquitin (Protein Data Bank: 1ubq). The main
chain is colored red at the C terminus, and the lysine side chains are drawn and
labeled. The side chains making up the two hydrophobic patches centered on
Ile-44 and Ile-36 are drawn and colored orange and yellow, respectively. Two
regions of ubiquitin have been shown to possess dynamics on the microsec-
ond timescale. Amides displaying microsecond dynamics by spin relaxation
experiments are drawn in blue (Ile-23, Glu-24, Asn-25, Glu-51, Asp-52, Gly-53,
Thr-55, and Val-70). Amides in the �1-�2 loop that are conformationally
mobile in the RDC ensemble are drawn in purple (Thr-7 through Leu-11).
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monomers imply a wealth of higher-order interaction sur-
faces as chains grow in length and composition. Fluctuations
between preferred conformations could also play a role in
signal regulation as surfaces form and dissolve in response to
partner binding, macromolecular context, or post-transla-
tional modification.

Because ubiquitin is a globular molecule with a flexible C
terminus, ubiquitin chains might be thought of as beads on a
string. The crystal structures of Lys-63-linked and linear ubiq-
uitin dimers do exhibit such relatively extended conformations,
with most surfaces of each monomer accessible to solvent.
However, because the various faces of ubiquitin have affinity for
one another, covalently linked ubiquitins can also self-associate
with surprising variety (Fig. 2). For example, Lys-48 chains pack
closely through their Ile-44 patches (38, 39), implying that Ile-
44-binding recognition partners either actively remodel this
arrangement or take advantage of transient openings in the
chain. Lys-6 and Lys-11 chains also adopt compact conforma-
tions, but these are distinct from each other and from Lys-48
chains. The Ile-44 face is exposed on both monomers in Lys-11
chains, whereas Lys-6 chains adopt an interesting arrangement
with one Ile-44 face exposed and the other buried at the dimer
interface (40 – 43).

Although static snapshots of ubiquitin chains have provided
insight into how each linkage type differs, these images only
hint at the variety of accessible conformations. This is espe-
cially true for Lys-63-linked and linear ubiquitin chains,
which form extended structures whose precise arrangement
probably reflects crystallographic trapping rather than a pre-
ferred intersubunit orientation. Solution-based measure-

ments have instead shown that the extended chains can
adopt many states or lack distinct conformations altogether
(44, 45).

Even the more compact chain types are relatively dynamic,
such that Lys-48-linked and Lys-11-linked chains sample open
and closed states or flex against one another at equilibrium or in
response to environmental factors such as pH (38, 41, 46, 47).
Because ubiquitin polymers can grow very long and even con-
tain mixed linkages, it is even possible that in a cellular context,
a given chain may exhibit local conformational heterogeneity
relative to the bulk properties of the entire chain. It should be
noted that flexibility does not imply a loss of information, and
effectors can distinguish even conformationally labile chains
from one another.

Binding partners and chain remodeling enzymes can directly
affect the structure of ubiquitin polymers. For example, because
Lys-48 polymers bury their Ile-44 hydrophobic face between
ubiquitin monomers but many effectors engage this same sur-
face, recognition requires some kind of conformational rear-
rangement (for review, see Ref. 48), and the observed intrachain
mobility may allow partner proteins access to their recognition
sites (46). Single molecule FRET measurements illuminated
these conformational distributions previously only measured in
bulk and have shown that Lys-48-linked dimers do sample a
sparsely populated open state. Binding to a deubiquitinase
favors an open state, consistent with stretching of the dimer
across the active site, although it is unclear whether this struc-
ture is identical to the pre-existing open state. Partner binding
affects even the structural distribution of relatively extended
Lys-63 and linear dimers. These data imply that ubiquitin-bind-
ing proteins can remodel existing structures and/or recognize
rarely sampled conformations, and that differential affinities
for various chain types could in part stem from the energetic
penalties implied therein (15).

Conformational Dynamics Harnessed by the
Ubiquitination Machinery

The machinery to ubiquitinate substrates and assemble
ubiquitin polymers is itself dynamic, with large conformational
rearrangements involved in the process of ubiquitination.
Broadly speaking, during ubiquitination, an E1 first generates
an activated ubiquitin, which is handed off to an E2 conjugator,
and ubiquitin is finally directed to specific substrates by an E3.

E1s use a multistep mechanism to transfer ubiquitin to an E2
(for review, see Ref. 49). Ubiquitin is first adenylated via ATP,
and a large domain rotation presents the catalytic cysteine of
the E1 for ligation to ubiquitin via a thioester bond, releasing
AMP (50). A subsequent rearrangement induced by the binding
and adenylation of an additional ubiquitin moves the conju-
gated ubiquitin more than 30 Å out of the E1 active site toward
the E2. The newly exposed E1-ubiquitin bond is now ready to
hand off ubiquitin to the E2, and the remaining adenylated
ubiquitin is primed for another round of thioesterification (51).

The E2 enzymes bridge the activity of the E1 and E3 enzymes
and catalyze the transfer of the conjugated, donor ubiquitin to
various acceptor molecules (for review, see Ref. 52). Although
E2s have often been thought of as simple carrier proteins,
recent studies have demonstrated that E2 activity can be more

FIGURE 2. Differentially linked ubiquitin chains adopt diverse conforma-
tions. Monoubiquitin (top) is colored as in Fig. 1, with the Ile-44 and Ile-36
hydrophobic interaction patches in orange and yellow and the C terminus in
red. Lys-6, Lys-11, and Lys-48 adopt compact conformations, with the inter-
action patches differentially exposed in each arrangement. Conversely,
Lys-63-linked and linear chains are quite extended. Lys-11 and Lys-48
chains can sample other orientations about their preferred compact con-
formation, but little is known about the dynamics of Lys-6 chains. Because
Lys-63 and linear chains are unconstrained, they are free to adopt a wide
range of arrangements.
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complexly regulated. For example, E2s can be involved in the
selection of target residues via weak side-chain interactions
(53, 54).

E3 ligases come in three distinct flavors. RINGs do not cova-
lently engage ubiquitin and instead bring together E2 and sub-
strate (reviewed in Ref. 55), HECTs transfer ubiquitin from the
E2 to their own active site cysteine and then onward to the
substrate (reviewed in Ref. 56), and RBRs use a mechanism that
is a hybrid between HECTs and RINGs and includes covalent
attachment to ubiquitin (reviewed in Ref. 57).

Although E2�Ub conjugates are inherently unstable, part-
ner E3s of the RING class can increase the rate of discharge,
even to substrates that lack a specific interaction with the ligase
(58). Structures of E2�RING-E3 complexes have shown that the
binding interface is distant from the E2 active site (59), suggest-
ing that RING E3-induced activation of the E2�Ub thioester
bond is an allosteric effect (58, 60). Measurement of the rota-
tional diffusion of ubiquitin conjugated to an E2 with and with-
out a RING E3 indicated that the presence of the ligase restricts
the mobility of ubiquitin, likely by increasing the population of
a “closed” conformation where ubiquitin contacts the E2 (61).
Indeed, such a closed conformation has been captured crystal-
lographically in two E2�Ub�RING-E3 complexes (62, 63). In
these structures, the E2-conjugated ubiquitin makes contact
with both the RING E3 as well as the E2, optimally orienting the
ubiquitin moiety for nucleophilic attack through non-covalent
interactions. Hence, the long-range allosteric activation of an

E2 by RING E3s may originate in the enrichment of catalytically
productive orientations from a conformational ensemble.

HECT E3 ligases differ from RINGs in that ubiquitin is trans-
ferred from the E2�Ub to the active site cysteine residue of a
HECT before transfer to substrate. HECTs are also known to
engage E2�Ub conjugates by a different mechanism than
RING ligases. In an E2�Ub�HECT complex, both the E2 and
ubiquitin are engaged in extensive non-covalent interactions
with the HECT domain, inducing conformational changes in
the HECT domain that bring the flexibly linked HECT C-lobe
into contact with ubiquitin to orient transfer to the active site
cysteine of the HECT (64). After transfer of the ubiquitin to the
HECT active site cysteine, the C-lobe remains associated with
ubiquitin and rotates with respect to the N-lobe to deliver the
ubiquitin to its substrate (65, 66).

Conformational rearrangements of particular E3 ligases are
also utilized in the regulation of their activity. Several ligases in
the RBR family including Parkin, HOIP, and HHARI are auto-
inhibited through mechanisms that include conformational re-
striction (67–70). In particular, Parkin structures reveal that its
active site cysteine and E2-binding site are occluded by a dense
network of intradomain interactions that presumably must
unravel to allow full activity (Fig. 3a) (71–73). PINK1, a kinase
known to accelerate Parkin ubiquitination, can phosphorylate
Ser-65 of the Ubl domain (74 –76) or ubiquitin itself (77–79),
which may in turn allosterically activate Parkin; however, the
precise interplay between PINK1, Parkin, and ubiquitin is still

FIGURE 3. Autoinhibited E3 ligases require conformational changes for activation and possess residual internal dynamics that may couple to func-
tion. a, several crystal structures have captured Parkin in an autoinhibited conformation with both its active site cysteine and its E2-binding site occluded by
a dense network of intradomain interactions (71–73). The dynamics of the Ubl domain are implied by the fact that its Ile-44 patch must undock from the RING1
domain to accommodate known binding partners and the observation that the Ubl is dispensable for folding of the rest of the protein. The molecular details
of Parkin activation are still being investigated (9, 77–79), but the E2-binding site on the RING1 domain and the active site cysteine on RING2 must be accessible
for Parkin ligase activity. b, cIAP1 adopts an autoinhibited conformation that is disrupted upon association with SMAC or SMAC mimetics. Significant residual
motions in the autoinhibited state have been experimentally identified, and these motions seem to be associated with a fast transition to an active ligase dimer
upon the binding of SMAC mimetics (81, 84).
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being resolved (9). Phosphorylation alters the conformational
landscape of ubiquitin and could represent an additional layer
of regulatory control in the ubiquitin system. Ser(P)-65-Ub can
inhibit several E2s, E3s, and DUBs and has been shown by NMR
to populate two conformers in slow exchange with the minor
species arising from two-residue C-terminal strand retraction
(80).

cIAP1 is an autoinhibited RING family E3 with roles in both
apoptosis and NF-�B signaling. The ligase activity of cIAP1
requires dimerization through its RING domain, which under
normal conditions is sequestered by a network of interdomain
interactions involving the three domains preceding the C-ter-
minal RING domain in sequence: the BIR3 domain, the UBA
domain, and the CARD (81, 82). The N terminus of the endog-
enous IAP ligand SMAC and peptide-based SMAC mimetics
binds to the BIR3 of cIAP1, disrupting the essential BIR3-RING
interdomain interface and opening the closed structure (83).
We have recently highlighted the connection between residual
motions in the closed monomer and the fast conformational
change to the active dimer triggered by SMAC mimetics (Fig.
3b). Using a combination of binding assays, small angle x-ray
scattering, and NMR experiments, we demonstrated that sev-
eral of the domain interfaces in the closed monomer are mobile
on a hierarchy of timescales (84). The CARD is very flexible on
the microsecond timescale, allowing for association with its E2,
whereas the UBA domain possesses relaxation dispersion
behavior indicative of millisecond exchange. By introducing a
SMAC mimetic to the closed monomer with a stopped-flow
apparatus, we followed the conformational change with time-
resolved small angle x-ray scattering and found the opening
rate to be �9 per second, and we proposed that such a fast
conformational change is enabled by the dynamic, metastable
nature of the domain interfaces sequestering the RING.

Deubiquitinases Are Surprisingly Flexible Scissors

DUBs are specialized proteases that cleave the isopeptide or
peptide bond between two ubiquitins in a chain or between
ubiquitin and a substrate. There are �100 human DUBs that
are separated into five structural classes: USP, UCH, JAMM/
MPN, OTU, and MJD. These enzymes regulate many biological
processes, including cell proliferation (USP7, USP22), DNA
damage response (USP1), ubiquitin biogenesis and recycling
(USP5, UCHL1, UCHL3), proteasomal regulation (USP14,
UCH37), membrane trafficking (USP8), and immune signaling
(OTUD5) (reviewed in Ref. 85).

Most DUBs are modular, containing several domains in addi-
tion to their catalytic center, and the nature of these domains
implies a substantial layer of regulation (reviewed in Ref. 86). A
promiscuous and highly active DUB would be dangerous
indeed, with the capacity of erasing a cell’s hard-earned ubiqui-
tin-mediated information content. DUBs are fundamentally
proteases, and their activity must also be strictly constrained to
ubiquitin modifications. Accordingly, structural and biochem-
ical studies have revealed that many DUBs adopt unproductive
states in the absence of ubiquitin or activators and transition to
active conformations in the holoenzyme. The molecular nature
of the inactive apo state is heterogeneous, and DUBs have

adapted various ways to harness protein motion to restrict or
trigger activity in a manner that ensures appropriate specificity.

In some cases, the active site of an apo DUB is misaligned so
that the catalytic cysteine is not engaged by an activating histi-
dine (87, 88). Proper arrangement of the catalytic residues can
be accomplished in multiple ways. UCHL1 is activated by ubiq-
uitin itself, such that binding of the globular portion of ubiqui-
tin realigns the enzyme’s active site around ubiquitin’s C termi-
nus (89). The catalytic center of USP7 also rearranges in the
presence of ubiquitin to both tighten around ubiquitin’s C-ter-
minal tail and form a competent active site (88). USP7 can fur-
ther be allosterically activated by distal regions of the protein to
greatly increase activity, possibly by rearranging a “switching
loop” that hosts several of the catalytic residues (90). Allostery
additionally regulates USP5, with binding of a zinc finger
domain to the free C-terminal diglycine of ubiquitin necessary
for full activity, possibly as a means to discriminate the
enzyme’s preferred substrate of unanchored chains from sub-
strate-linked chains (14). Unfortunately, structural information
on the inhibited state of USP5 is lacking, and so the molecular
mechanisms of repression and activation are unclear.

Other DUBs are seemingly restricted by occlusion of critical
functional units. The active site of USP14 is well formed in the
absence of ubiquitin, but two loops block a cleft that would hold
a peptide (91). It is unclear how this blockade is relieved,
because full-length USP14 is activated by binding to the protea-
some but the catalytic domain is not (92). An additional regu-
latory module may play a role, potentially opening the cleft to
accept ubiquitin’s C terminus (91). The active site residues of
apo USP8 are also aligned for catalysis, but the same two block-
ing loops observed in USP14 likewise occlude the ubiquitin-
binding cleft of USP8. Additionally, the “fingers” of apo USP8
that would hold the globular portion of ubiquitin are too closed
to accommodate these contacts (93). The functional relevance
of the active site blockage of USP8 is ambiguous, because the
catalytic domain is quite active in isolation. Hence, instead of
requiring a trans-factor, the obstructions of USP8 may dynam-
ically sample open conformations that only allow productive
binding of the ubiquitin substrate.

Other DUBs exhibit too little order in the unbound state,
with regulatory interactions necessary to prop key elements in
place to promote activity. The structure of apo UCHL3 exhibits
both order and disorder, with one loop occluding a peptide-
binding groove near the active site but possessing a completely
disordered substrate specificity “crossover” loop (94). Binding
of ubiquitin promotes clearance of the groove to accept ubiq-
uitin’s C terminus and stabilization of the crossover loop to
pack around same (95). OTUD5 (also known as DUBA) is an
even more dramatic case. This enzyme is activated by phosphor-
ylation, and large portions of the ubiquitin-binding site are
extremely flexible in the unmodified apo state. Phosphorylation
nucleates many intra- and intermolecular interactions between
DUBA and ubiquitin to bring together functional elements and
promote activity (96). Yeast Ubp8 (USP22 in humans), part of
the SAGA transcriptional coactivator complex, also contains
several disordered regions and misplaced structural elements
that could restrict binding to inappropriate substrates and do
gain order upon binding of ubiquitin. Intriguingly, other com-
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ponents of SAGA tightly interweave with Ubp8, and the activity
of DUB is greatly reduced in isolation, suggesting that forma-
tion of the complex helps “prop” the enzyme into its active
conformation (97). Most recently, UCH37 has also been shown
to adopt distinct conformations when bound to effectors, with
opposite effects on catalytic activity. Apo UCH37 may exhibit
some conformational flexibility, but binding of INO80G places
the enzyme into an inactive state by both blocking the ubiqui-
tin-binding site and disrupting alignment of the active site. By
contrast, binding to RPN13 increases activity above that of unli-
ganded UCH37 by constraining the enzyme’s crossover loop
and increasing affinity for ubiquitin (98, 99).

There are many DUBs and effectors for which the molecular
mechanisms restricting activity to ubiquitinated substrates and
chains remain tantalizingly vague. For example, USP7 can be
stimulated by association of GMP synthase with the same distal
regions of USP7 that intramolecularly promote catalysis (90).
Also prominent among effector-mediated DUBs are USP1,
USP12, and USP46, which are strongly activated by binding to
the UAF1 WD40 repeat protein. Association with UAF1 could
act like SAGA-Ubp8 to somehow properly align or constrain
these DUBs into an active conformation. Future work will no
doubt shed more light into how binding partners regulate the
activities of the DUBs.

Perspective

Given that protein dynamics have been observed in almost
every part of the ubiquitin pathway, from ubiquitin itself, to
chains, ligases, and DUBs, one might be forgiven for thinking
that the whole system randomly flops about like a ball of spa-
ghetti. Instead, a picture emerges of controlled motion that has
been exploited for biological effect. Because ubiquitin is used in
huge numbers of cellular signaling processes, this may be a
mechanism to squeeze every last bit of information content
from a tiny polypeptide. Perhaps protein dynamics underlie the
cell’s ability to route disparate inputs through the ubiquitin
machinery and maintain distinct outputs. The coupling of mac-
romolecular motion, especially “invisible” dynamics between
sparsely populated substates, to cellular phenotypes is an excit-
ing and emerging area at the interface of biology and biophys-
ics. Ubiquitin-mediated signaling is an outstanding system in
which one might deeply understand how life harnesses a seem-
ingly abstruse biophysical concept such as dynamics to drive
biology.
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For a long time, protein transport into the extracellular space
was believed to strictly depend on signal peptide-mediated
translocation into the lumen of the endoplasmic reticulum.
More recently, this view has been challenged, and the molecular
mechanisms of unconventional secretory processes are begin-
ning to emerge. Here, we focus on unconventional secretion of
fibroblast growth factor 2 (FGF2), a secretory mechanism that is
based upon direct protein translocation across plasma membranes.
Through a combination of genome-wide RNAi screening ap-
proaches and biochemical reconstitution experiments, the basic
machinery of FGF2 secretion was identified and validated. This
includes the integral membrane protein ATP1A1, the phosphoi-
nositide phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2), and
Tec kinase, as well as membrane-proximal heparan sulfate pro-
teoglycans on cell surfaces. Hallmarks of unconventional secretion
of FGF2 are: (i) sequential molecular interactions with the inner
leaflet along with Tec kinase-dependent tyrosine phosphorylation
of FGF2, (ii) PI(4,5)P2-dependent oligomerization and membrane
pore formation, and (iii) extracellular trapping of FGF2 mediated
by heparan sulfate proteoglycans on cell surfaces. Here, we discuss
new developments regarding this process including the mecha-
nism of FGF2 oligomerization during membrane pore formation,
the functional role of ATP1A1 in FGF2 secretion, and the possibil-
ity that other proteins secreted by unconventional means make use
of a similar mechanism to reach the extracellular space. Further-
more, given the prominent role of extracellular FGF2 in tumor-
induced angiogenesis, we will discuss possibilities to develop highly
specific inhibitors of FGF2 secretion, a novel approach that may
yield lead compounds with a high potential to develop into anti-
cancer drugs.

ER/Golgi-dependent versus Unconventional Protein
Secretion

For many years, it has been a dogma in molecular cell biology
that, in mammalian cells, transport of proteins into the extra-
cellular space depends on signal peptide-mediated transloca-

tion into the endoplasmic reticulum (ER)2 (1). Then, transport
of secretory proteins occurs through vesicular intermediates
that travel via the Golgi apparatus to the cell surface. Upon
membrane fusion of post-Golgi transport vesicles with the
plasma membrane, secretory proteins are dispatched into the
extracellular space (2, 3). However, with the identification of
extracellular growth factors and cytokines that lack signal pep-
tides, such as fibroblast growth factor 2 (FGF2) and interleukin
1� (IL-1�), it became clear that protein secretion from mam-
malian cells is mechanistically more diverse than previously
assumed (4 –9). In terms of molecular mechanisms, two major
types of ER/Golgi-independent secretion of soluble cargoes
have been identified: (i) secretion by direct translocation across
the plasma membrane (with FGF2 being a classical example (8,
10, 11)) and (ii) secretion through vesicular intermediates such
as autophagosomes or exosomes derived from multivesicular
bodies (with IL-1� being an example (4, 7, 9)). In this review, we
will focus on the pathway of unconventional secretion of FGF2.
This secretory mechanism is based upon direct protein trans-
location across plasma membranes. It appears to represent an
ancient mechanism that ensures secretion of proteins whose
functionality could not be maintained when passing through
the ER/Golgi system, for example by inactivation through O-gly-
cosylation (12). Both cellular components and cis elements
within FGF2 required for unconventional secretion have been
identified, shedding light on the molecular mechanism by
which FGF2 is secreted from mammalian cells.

The Unconventional Secretory Pathway of FGF2

As illustrated in Fig. 1, unconventional secretion of FGF2
from cells is based upon direct translocation across plasma
membranes (11, 13, 14). However, as opposed to other mecha-
nisms of protein translocation across membranes (15, 16),
FGF2 translocation into the extracellular space does not rely on
a conventional protein-conducting channel translocating car-
goes in an unfolded state. Rather, FGF2 membrane transloca-
tion is based upon the ability of FGF2 oligomers to form mem-
brane pores in the plasma membrane (11, 17). This process is
initiated by FGF2 recruitment to the inner leaflet mediated by
the phosphoinositide PI(4,5)P2 (13, 18, 19). As a result, FGF2
undergoes oligomerization that, in turn, causes membrane
insertion and the formation of membrane pores (11, 17).
Recently, two cysteine residues on the molecular surface of
FGF2 have been demonstrated to be critical for PI(4,5)P2-de-
pendent oligomerization of FGF2 at membrane surfaces (20).
They are required for the formation of intermolecular disulfide
bridges that drive FGF2 oligomerization and membrane pore
formation. Intriguingly, these cysteine residues are uniquely
present in FGF2, i.e. they are absent from all FGF family mem-
bers carrying signal peptides for ER/Golgi-dependent secre-
tion. This observation suggests a specific role in unconven-* This work was supported by the German Research Council (DFG-SFB 638,
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tional secretion. Indeed, FGF2 variants lacking these surface
cysteines are not secreted from cells with a phenotype being
even stronger than what has previously been observed for FGF2
mutants that are deficient in binding to PI(4,5)P2 (18, 20).

As discussed above, the direct consequence of PI(4,5)P2-in-
duced oligomerization of FGF2 is the formation of lipidic pores
in plasma membranes, the key event in unconventional secre-
tion of FGF2 (11, 13, 17, 20). The structure of FGF2-induced
membrane pores has been proposed to be characterized by a
toroidal architecture with the FGF2 oligomer in the center and
the PI(4,5)P2 binding sites being localized in the periphery (11,
17). This conclusion was drawn from the observation that,
upon FGF2 oligomerization and membrane pore formation,
both membrane passage of small fluorescent tracer molecules
and transbilayer diffusion of membrane lipids could be
observed (11, 17). In support of this, diacylglycerol, a cone-
shaped lipid that interferes with membrane curvature stabilized
by PI(4,5)P2, was found to inhibit membrane pore formation by
FGF2 oligomers (11, 17). Based upon these findings, the role of
PI(4,5)P2 in unconventional secretion of FGF2 is likely to be
three-fold: (i) recruitment of FGF2 at the plasma membrane, (ii)
orienting FGF2 molecules at the inner leaflet favoring oligomer-
ization, and (iii) stabilizing local curvature to allow for the for-
mation of a membrane pore with a toroidal structure.

What Is the Precise Role of Membrane-inserted FGF2
Oligomers in FGF2 Membrane Translocation and How Do
Cell Surface Heparan Sulfates Function in FGF2
Secretion?

There are two principal possibilities of how membrane-in-
serted FGF2 oligomers could promote FGF2 membrane trans-

location (Fig. 2). One view is that FGF2 oligomers may insert
into membranes only transiently followed by disassembly and
release to the extracellular side (Fig. 2; “assembly/disassembly”
model). This model has been discussed previously (11) and pro-
poses membrane-inserted oligomers of FGF2 to be intermedi-
ate forms of the monomeric FGF2 cargo that is found on cell
surfaces. Alternatively, FGF2 oligomers may form stable but
highly dynamic membrane pores that can occur in open and
closed states (Fig. 2; “translocon” model). Here, the role of the
oligomer would be to act as a highly specific translocon medi-
ating physical passage of FGF2 monomers across plasma mem-
branes. Although not fully conclusive at this point, this model is
supported by the recently observed tight association of FGF2
oligomers with membranes (21). The “translocon” model also
eliminates the need of conversion of disulfide-linked FGF2 olig-
omers into monomers on the surface of plasma membranes, a
process that would be difficult to explain considering the oxi-
dative environment of the extracellular space. However, both
models are consistent with the previously established role of
membrane-proximal heparan sulfate proteoglycans on cell sur-
faces that form an extracellular trap required for FGF2 translo-
cation (5, 6, 11, 13, 22). FGF2 firmly binds to heparan sulfates
and, therefore, it is not released into cellular supernatants but
rather remains associated with cell surfaces (23, 24). However,
FGF2 undergoes intercellular spreading by direct cell-cell con-
tacts (25). Thus, during the lifetime of a FGF2 molecule, the role
of heparan sulfate proteoglycans is three-fold: (i) mediating the
final step of FGF2 secretion (22, 25), (ii) protection of FGF2 on
cell surfaces against degradation (26), and (iii) mediating FGF2
signaling as part of a ternary complex containing FGF2, hepa-

FIGURE 1. A current view of the molecular mechanism of unconventional secretion of FGF2. FGF2 secretion is mediated by direct translocation across the
plasma membrane. This process involves sequential interactions of FGF2 with components at the inner leaflet, including ATP1A1 (the � subunit of the Na/K
ATPase), the phosphoinositide PI(4,5)P2, and Tec kinase. As a result, membrane-inserted oligomers form in a PI(4,5)P2-dependent manner, structures that have
been interpreted as intermediates in FGF2 membrane translocation. Membrane-proximal heparan sulfate proteoglycans are required to trap FGF2 on cell
surfaces, the final step in the overall process of FGF2 secretion. Modified from research originally published in the Journal of Biological Chemistry. Zacherl, S., La
Venuta, G., Müller, H. M., Wegehingel, S., Dimou, E., Sehr, P., Lewis, J. D., Erfle, H., Pepperkok, R., and Nickel, W. A direct role for ATP1A1 in unconventional
secretion of fibroblast growth factor 2. J. Biol. Chem. 2015; 290: 3654 –3665. © the American Society for Biochemistry and Molecular Biology.
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ran sulfates, and FGF high affinity receptors (27, 28). Based
upon sequential interactions of FGF2 with PI(4,5)P2 at the inner
leaflet and heparan sulfates on cell surfaces, the proposed
mechanisms of FGF2 membrane translocation (Fig. 2) both
offer a molecular basis for directionality of FGF2 transport into
the extracellular space. Furthermore, both models are consis-
tent with previous studies demonstrating FGF2 membrane
translocation in a fully folded state (29, 30) as they require the
formation of defined oligomers during membrane pore forma-
tion. In addition, molecular interactions of FGF2 with both
PI(4,5)P2 and heparan sulfates depend on proper folding of
FGF2 (30). Because FGF2 membrane translocation occurs at
the level of plasma membranes, these findings suggest an
intrinsic quality control mechanism that limits unconventional
secretion to fully folded and therefore functional forms of FGF2
(30).

The Role of Tec Kinase in Unconventional Secretion of
FGF2

The role of membrane pores is further emphasized by the
observation that Tec kinase, a non-receptor tyrosine kinase that
has previously been described in the context of immune cell
development and activation (31), is a regulatory factor of FGF2
secretion (Fig. 1). The role of Tec kinase in FGF2 secretion was
initially recognized through a genome-wide RNAi screen
designed to identify factors involved in this process (10, 32). Tec
kinase was shown to phosphorylate FGF2, a process that facil-
itates the formation of membrane pores by FGF2 oligomers (13,
17). The role of Tec kinase-mediated tyrosine phosphorylation
in FGF2 secretion from cells was further corroborated by
demonstrating Tec kinase-independent secretion of phospho-
mimetic variant forms of FGF2 (32). Tec kinase contains a
pleckstrin homology domain (PH domain) that mediates
PI(3,4,5)P3-dependent membrane recruitment. Following acti-
vation of various kinds of receptors, PI(3,4,5)P3 levels increase,
which, in turn, causes recruitment of Tec kinase to the inner
leaflet. Tec kinase then becomes phosphorylated by plasma

membrane-resident Src kinases or by autophosphorylation
within its activation loop resulting in enzymatic activation (33).
In its activated state, Tec kinase phosphorylates target proteins
(34). Therefore, FGF2 phosphorylation is likely to occur at the
inner leaflet of the plasma membrane (13). As FGF2 is a key
signaling molecule in the context of many cancers, Tec kinase-
regulated secretion of FGF2 represents an interesting link to the
up-regulation of PI 3-kinases in many tumor cells (35). PI 3-ki-
nases catalyze the formation of PI(3,4,5)P3, and high cellular
levels of this phosphoinositide are likely to support efficient
secretion of FGF2, which, in turn, promotes tumor cell
proliferation.

ATP1A1, a New Component of the Unconventional
Machinery Mediating FGF2 Secretion from Cells

As discussed above, a key approach in the identification of
molecular components involved in FGF2 secretion has been a
genome-wide RNAi screen that led to the identification of Tec
kinase as a regulatory component of FGF2 secretion (13, 32). In
addition to Tec kinase, this screen also revealed ATP1A1 as a
gene product whose down-regulation causes a substantial drop
in FGF2 secretion efficiency (36). ATP1A1 is the �1-chain of
the Na/K-ATPase that is composed of a hetero-oligomer made
from two �-chains and two �-chains. Both �-chains and
�-chains come in four isoforms (ATP1A1– 4; ATP1B1– 4) that
are differentially expressed in different types of cells and tissues
(37). The �2/�2 hetero-oligomeric configuration is essential to
form a functional Na/K-ATPase required for generating the
electrochemical potential associated with the plasma mem-
brane of mammalian cells (37). Intriguingly, down-regulation
of ATP1B1 and ATP1B3 chains (the principal forms of �-chains
expressed in HeLa cells) did not cause inhibition of FGF2 secre-
tion, suggesting that it is not the fully assembled form of the
Na/K-ATPase that is required for FGF2 secretion (36). In sup-
port of this idea, unassembled forms of ATP1A1 have indeed
been proposed to exist in the plasma membrane based upon
calculations of distinct turnover times of �-chains versus

FIGURE 2. Alternative models for FGF2 membrane translocation: the “assembly/disassembly” model versus the “translocon” model. The exact role of
membrane-inserted FGF2 oligomers as intermediates in FGF2 membrane translocation is not fully understood. Two principal mechanisms have been postu-
lated, the “assembly/disassembly” model and the “translocon” model.
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�-chains (38). The described findings are further consistent
with earlier observations from other laboratories reporting
inhibition of FGF2 secretion in the presence of ouabain, an
inhibitor of the Na/K-ATPase (23, 39, 40). Intriguingly, these
studies revealed that reagents compromising the membrane
potential generated by the Na/K-ATPase do not inhibit FGF2
secretion (40). This suggests that the classical function of the
fully assembled Na/K-ATPase is not required and, therefore,
these studies support the idea of a role of ATP1A1 in FGF2
secretion based on its unassembled form.

Initial insight into the mechanism by which ATP1A1 partic-
ipates in unconventional secretion of FGF2 was obtained, dem-
onstrating a direct interaction between the cytoplasmic domain
of ATP1A1 and FGF2 (36). Using purified recombinant com-
ponents, a specific interaction with sub-micromolar affinity
was determined. In addition, direct evidence for an interaction
between endogenous ATP1A1 and FGF2 in cells was provided,
employing the Duo-Link in situ proximity assay (36). Intrigu-
ingly, we recently found that in-cell interactions between the
cytoplasmic domain of ATP1A1 and FGF2 are inhibited in the
presence of ouabain.3 These findings provide a straightforward
explanation for the inhibition of FGF2 secretion both in the
presence of ouabain (23, 39, 40) and after down-regulation of
ATP1A1 (36), suggesting a requirement for an interaction
between ATP1A1 and FGF2 at the inner leaflet of plasma mem-
branes. Thus, as illustrated in Fig. 1, a number of components of
the molecular machinery required for FGF2 secretion have
been identified, all of which are either permanently or tran-
siently (Tec kinase following cellular activation) in physical
association with the plasma membrane. At the inner leaflet,
FGF2 interacts with at least three components, ATP1A1,
PI(4,5)P2, and Tec kinase. As indicated by dashed arrows in Fig.
1, the sequence of these interactions is not fully established,
especially with regard to the point of action of ATP1A1. How-
ever, based upon our current knowledge, the scheme shown in
Fig. 1 is plausible with ATP1A1 acting as an initial contact at the
inner leaflet. Following handover to PI(4,5)P2 along with Tec
kinase-mediated phosphorylation of FGF2, membrane pore
formation is initiated (Fig. 1). Irrespective of the precise
sequence of events, the combined findings discussed here
establish the plasma membrane as the subcellular site of FGF2
membrane translocation.

Are There Other Unconventionally Secreted Proteins
That Form PI(4,5)P2-dependent Membrane Pores?

Recently, evidence was obtained suggesting that the molec-
ular mechanism by which FGF2 is secreted from cells is also
used by other proteins. Like FGF2, the HIV-1 transactivator of
transcription (HIV-Tat) is an unconventionally secreted pro-
tein lacking a signal peptide (41). HIV-Tat is a small protein of
86 –101 amino acids that is synthesized in very early steps of
viral infection. HIV-Tat is a regulatory protein that is involved
in viral gene expression by enhancing transcriptional rates and,
therefore, is crucial for viral viability (42, 43). In addition to
these classical functions, HIV-Tat is secreted from infected
cells followed by uptake by non-infected cells (41, 44 – 46). An

extracellular localization of HIV-Tat is also evident from stud-
ies demonstrating substantial levels of HIV-Tat in the serum of
patients diseased with AIDS (47, 48). Despite the lack of a signal
peptide, secretion of HIV-Tat was shown to occur independent
of cell damage and, therefore, HIV-Tat was classified as a pro-
tein secreted by unconventional means (5, 8, 11, 41, 49 –51).
Extracellular HIV-Tat is supposed to be essential for viral
spread and plays an important role in AIDS pathogenesis by
modulating the immune response (49 –51). Recent studies indi-
cate that vaccination with anti-Tat antibodies slows down
AIDS progression and may restore immune functions (52–54).
Intriguingly, HIV-Tat has previously been demonstrated to exit
infected T cells in a PI(4,5)P2-dependent manner (41, 55, 56).
Using reconstitution experiments, it has now been shown that
HIV-Tat has properties similar to FGF2. These properties
include PI(4,5)P2-dependent membrane binding, oligomeriza-
tion, and membrane pore formation (21). Also, HIV-Tat has
been demonstrated to bind to heparan sulfate proteoglycans
(44) that may play a similar role in HIV-Tat secretion when
compared with what is known for FGF2 (22, 25). These findings
point at a general mechanism by which at least one sub-group
of proteins lacking signal peptides are secreted from mamma-
lian cells based upon PI(4,5)P2-dependent pore formation in
the plasma membrane.

Outlook

As outlined above, the molecular mechanism explaining how
proteins without signal peptides such as FGF2 can be secreted
from cells is beginning to emerge. Beyond the intriguing capa-
bility of FGF2 to physically traverse plasma membranes utiliz-
ing a previously unknown mechanism of protein translocation
across membranes, these insights lead to new strategies in drug
development for cancer therapy. With attempts to use inhibi-
tors of FGF receptor tyrosine kinases in cancer therapy turning
out to be challenging (57), it appears highly attractive to develop
inhibitors that block FGF2 secretion from tumor cells. This
approach is likely to yield highly specific lead compounds as
transport of the vast majority of secretory proteins does rely on
a different mechanism, the ER/Golgi-dependent pathway.
Based upon the schematic shown in Fig. 1, obvious targets for
lead compound development are interactions of FGF2 with
machinery components at the inner leaflet, i.e. PI(4,5)P2, Tec
kinase, and ATP1A1. Furthermore, it appears promising to
develop inhibitors that prevent PI(4,5)P2-dependent oligomer-
ization of FGF2. Such compounds would have the potential to
block the formation of FGF2-induced membrane pores, the key
intermediates in unconventional secretion of FGF2. With such
inhibitors at hand, a new class of drugs targeting tumor-in-
duced angiogenesis may become available. In addition, such
drugs might have the potential to target the role of FGF2 as a
survival factor of tumor cells, a process that depends on an
autocrine FGF2 secretion/signaling loop and causes a block of
tumor cell apoptosis (58).
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The human brain contains �86 billion neurons, which are
precisely organized in specific brain regions and nuclei. High
fidelity synaptic communication between subsets of neurons in
specific circuits is required for most human behaviors, and is
often disrupted in neuropsychiatric disorders. The presynaptic
axon terminals of one neuron release neurotransmitters that
activate receptors on multiple postsynaptic neuron targets to
induce electrical and chemical responses. Typically, postsynap-
tic neurons integrate signals from multiple presynaptic neurons
at thousands of synaptic inputs to control downstream commu-
nication to the next neuron in the circuit. Importantly, the
strength (or efficiency) of signal transmission at each synapse
can be modulated on time scales ranging up to the lifetime of the
organism. This “synaptic plasticity” leads to changes in overall
neuronal circuit activity, resulting in behavioral modifications.
This series of minireviews will focus on recent advances in our
understanding of the molecular and cellular mechanisms that
control synaptic plasticity.

Synaptic plasticity has been most intensively studied at syn-
apses that release glutamate, the major excitatory neurotrans-
mitter in the mammalian brain. Glutamatergic terminals typi-
cally connect to postsynaptic “spines,” morphologically diverse
membrane protrusions, �1 �m in diameter, that decorate
complex dendritic projections from postsynaptic cell bodies
(reviewed in Ref. 1). A narrow neck between the heads of
mature spines and the main dendritic shaft represents a signif-
icant electrical and chemical barrier to the communication of
electrical and chemical changes between the two subcellular
compartments. Dendritic spines are enriched in F-actin and are
marked by an electron-dense postsynaptic density juxtaposed
to the presynaptic terminal, which contains multiple glutamate
receptor subtypes, ion channels, and signaling proteins.

Postmortem studies of patients with diverse neurogenetic,
neurodevelopmental, and neurodegenerative disorders have
revealed abnormal dendritic spine morphology in various brain
regions (2). Similar morphological changes can be recapitulated

in animal models of several disorders and are typically accom-
panied by functional deficits in synaptic transmission and/
or synaptic plasticity. Consequently, molecular mechanisms
underlying functional and morphological synaptic plasticity
have been intensively studied for decades.

Normal glutamatergic synaptic transmission is mediated by
Na� influx through AMPA-type glutamate receptors, and syn-
aptic plasticity involves sustained changes in the activity of syn-
aptic AMPA receptors (3, 4). In general, short bursts of intense
(e.g. high frequency) synaptic stimulation result in Ca2� influx
via NMDA-type glutamate receptors to enhance AMPA recep-
tor-mediated synaptic transmission, a process termed long-
term potentiation (LTP).2 More prolonged periods of less
intense stimulation often result in long-term depression (LTD)
of synaptic transmission. Interestingly, different forms of LTD
can be induced by activation of either NMDA receptors to
induce postsynaptic Ca2� influx or metabotropic glutamate
receptors to induce Ca2� release from intracellular stores.
Thus, the postsynaptic Ca2� signaling protein networks must
be precisely tuned to induce distinct responses to different
patterns and sources of postsynaptic Ca2� transients. More-
over, because single synapses are capable of LTP or LTD
depending on the pattern of stimulation at the correspond-
ing presynaptic terminal, leaving nearby synapses unaltered,
these Ca2�-dependent pathways must also be tightly com-
partmentalized between spines and within individual spines.

Over the last couple of decades, it has become clear that
postsynaptic Ca2� signals required for synaptic plasticity reg-
ulate almost all basic cell biological processes. The highly
abundant calcium/calmodulin-dependent protein kinase II
(CaMKII) is central to many synaptic plasticity mechanisms.
The unique dodecameric holoenzyme structure of CaMKII is
required for a complex regulatory mechanism involving Ca2�/
calmodulin-dependent activation and inter-subunit autophos-
phorylation at Thr-286 that confers tight sensitivity to the fre-
quency of Ca2� transients. Normal LTP induction requires
both Thr-286 autophosphorylation and the precise synaptic
targeting of CaMKII via a direct interaction with the GluN2B
subunit of the NMDA receptor. Interestingly, recent studies
have shown that CaMKII also plays important roles in LTD.
Mechanisms underlying the roles of CaMKII in synaptic plas-
ticity have been recently reviewed in detail (5– 8). However,
beyond the roles for CaMKII, various forms of functional syn-
aptic plasticity are typically associated with diverse posttrans-
lational modifications that regulate the activity and subcellular
trafficking of synaptic glutamate receptor subunits, as reviewed
by Roche and colleagues (9) in the first minireview in this series.
In the second minireview in this series, Woolfrey and
Dell’Acqua (10) review the mechanisms that coordinate the
precise actions of postsynaptic protein kinases and protein
phosphatases on glutamate receptors and other postsynaptic
proteins. Changes in size and shape of dendritic spines and/
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or postsynaptic densities associated with synaptic plasticity
involve precise changes in the F-actin cytoskeleton, as reviewed
by Spence and Soderling (11) in the third minireview in this
series. Finally, persistent behavioral modification, such as a life-
time memory, requires the long-term stability of synaptic plas-
ticity in the face of normal protein turnover, and this involves
synapse-specific modulation of protein synthesis and degrada-
tion, as reviewed by Alvarez-Castelao and Schuman (12) in the
fourth minireview in this series. It can be anticipated that future
studies of synaptic plasticity mechanisms will reveal new strat-
egies for treatment of a wide range of neuropsychiatric disor-
ders associated with disruptions in these signaling mechanisms.
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Many molecular mechanisms underlie the changes in synap-
tic glutamate receptor content that are required by neuronal
networks to generate cellular correlates of learning and mem-
ory. During the last decade, posttranslational modifications
have emerged as critical regulators of synaptic transmission and
plasticity. Notably, phosphorylation, ubiquitination, and palmi-
toylation control the stability, trafficking, and synaptic expres-
sion of glutamate receptors in the central nervous system. In the
current review, we will summarize some of the progress made by
the neuroscience community regarding our understanding of
phosphorylation, ubiquitination, and palmitoylation of the
NMDA and AMPA subtypes of glutamate receptors.

The brain functions efficiently due to accurate communica-
tion between neurons. At excitatory synapses, the amino acid
glutamate is released from synaptic vesicles present in presyn-
aptic terminals; glutamate diffuses into the synaptic cleft and
binds to the extracellular region of glutamate receptors
(GluRs).2 Glutamate binding to receptors induces structural
modification resulting in ion channels opening in the case of
ionotropic glutamate receptors (iGluRs) or activation of intra-
cellular signaling cascades upon activation of metabotropic glu-

tamate receptors (mGluRs). Changes in synaptic strength
include both potentiation and depression of excitatory neu-
rotransmission, known as long-term potentiation (LTP) and
long-term depression (LTD), mechanisms believed to repre-
sent cellular correlates of learning and memory (1–3). Over the
last three decades, the development of sophisticated biochem-
ical, cellular, and molecular approaches has allowed for
in-depth investigation of the detailed mechanisms regulating
the content of GluRs at synapses demonstrating that GluRs are
dynamic. As shown in Fig. 1, synaptic glutamate receptor local-
ization is regulated by: 1) lateral diffusion to and from synapses;
2) endocytosis and exocytosis at the plasma membrane; and 3)
intracellular routing and sorting through endosomal pathways
(4 – 8).

It is clear from a multitude of studies that a variety of post-
translational modifications (PTMs) control GluR trafficking
and synaptic expression. For example, these modifications play
essential roles in influencing protein activity, signaling cas-
cades, protein turnover, synaptic localization, and interactions
with intracellular proteins or lipids. These PTMs include gly-
cosylation, phosphorylation, and palmitoylation, which consti-
tute the addition of a functional group to a substrate, and ubiq-
uitination and sumoylation, which involve the covalent
conjugation of the protein ubiquitin or the small ubiquitin-like
modifier (SUMO) protein to a substrate. Although each of
these PTMs can modify GluRs, the current review is specifically
focused on the phosphorylation, palmitoylation, and ubiquiti-
nation of two subtypes of iGluRs: �-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPARs) and
N-methyl-D-aspartate receptors (NMDARs). AMPARs and
NMDARs are tetrameric ligand-gated ion channels composed
of homologous subunits: AMPARs (GluA1– 4) and NMDARs
(GluN1; GluN2A-D; GluN3A-B). Each iGluR subunit shares a
similar overall topology (Figs. 2 and 3): a long extracellular
N-terminal domain (9), a hydrophobic hairpin region forming
the pore region that is located between two short intracellular
loops (loop1 and loop2), and the first and the second of three
membrane-spanning regions. Finally, each subunit has an
intracellular C-terminal tail of variable length depending on
subtype. The intracellular loops and C-terminal tails have many
sites for modifications including palmitoylation, ubiquitina-
tion, sumoylation, and phosphorylation, which play critical
roles in regulating synaptic expression and intracellular
trafficking.

Phosphorylation

Phosphorylation is defined as the reversible addition of a
phosphate group (PO4

3�) to a protein, typically to a Ser, Thr, or
Tyr residue, although phosphorylation on His, Arg, or Lys has
also been reported (10). The presence of this heavily charged
group is important for changing the hydrophobicity and elec-
tric charge of a protein region and, therefore, it can result in a
change in the protein conformation or interactions with other
proteins or cell structures. In the particular case of the GluRs,
phosphorylation regulates intracellular trafficking and channel

* This work was supported by Université du Québec à Montréal Start-up
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properties. The best-studied example of the latter is for the
AMPAR subunit GluA1 in which the conductance and opening
probability are modulated by phosphorylation of Ser-831
(PKC/CaMKII) or Ser-845 (PKA), respectively (11, 12). More
recently, the phosphorylation on the NMDAR subunit GluN2B
by PKA (Ser-1166) was identified as an important factor affect-
ing Ca2� permeation (13).

One of the most common strategies for studying the effects
of phosphorylation is the use of mutants in which the phosphor-
ylation is either blocked or mimicked by replacing the phos-
phorylated residue with a non-polar amino acid (usually ala-
nine) or a negatively charged one (usually aspartate or
glutamate), respectively. This approach has proved powerful
and provided valuable information, but it is important to rec-
ognize the caveats; it may alter some properties of the protein,
masking the effect of the phosphorylation. Therefore, it is not
uncommon that both phospho-deficient and phospho-mimetic
mutations result in a similar phenotype. For this reason, it is
preferable to combine a variety of approaches including bio-
chemical characterization of the mutants and the use of com-
plementary techniques (e.g. pharmacological blockade and/or
activation of the kinase). Furthermore, a null phenotype with a
phospho-mimetic mutation is not uncommon due to a sup-
posed need for the dynamic on and off of true phosphorylation.
One could imagine a protein needing phosphorylation for ER
egress, but dephosphorylation for stabilization at the synapse,
for example, and a surface expression measure could be
confounded.

NMDAR Phosphorylation

Phosphorylation is a key regulatory mechanism controlling
the trafficking of NMDARs (see Fig. 2 for a list of phospho-sites
in the GluN2A/2B C termini). Strikingly, phosphorylation reg-
ulates the surface and synaptic expression of NMDARs in a
subunit-specific manner, providing a highly plastic and precise
mechanism to accurately control different subunits in response
to stimuli. For example, GluN2B is internalized in response to
synaptic activity resulting in reduced surface expression (Fig.
4). Internalization from the plasma membrane is mediated by
clathrin and tightly controlled by the phosphorylation of
GluN2B on Tyr-1472 by Fyn/Src kinases. This residue is part of
the YEKL endocytic motif that is recognized by the clathrin
adaptor AP-2 as a required step to induce GluN2B internaliza-
tion. GluN2B Tyr-1472 phosphorylation blocks AP-2 binding,
thus preventing the endocytosis of the receptor and, therefore,
increasing its surface expression (14 –16). Fyn/Src can directly
bind to the family of membrane-associated guanylate kinase
(MAGUK) proteins, including PSD-95 and SAP102. Therefore,
GluN2B phosphorylation on Tyr-1472 is promoted by the
interaction of the receptor with these scaffolding proteins and,
consistently, there is elevated phosphorylation of GluN2B on
Tyr-1472 associated with synaptic GluN2B. The phosphoryla-
tion of GluN2B Ser-1480 by casein kinase 2 (CK2) inversely
controls the phosphorylation of GluN2B Tyr-1472. GluN2B
Ser-1480 phosphorylation occurs within the PDZ ligand and

FIGURE 1. Cellular mechanisms regulating synaptic expression of GluRs.
The synaptic molecular content of iGluRs is controlled by multiple cellular
events.

FIGURE 2. PTMs decorate GluN2A and GluN2B C-terminal tails. The
GluN2A and GluN2B C termini contain several amino acids (aa) modified by
phosphorylation (serine (S) or tyrosine (Y)), ubiquitination (lysine K)), and
palmitoylation (cysteine (C)). Kinases targeting a specific residue are
illustrated.
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disrupts binding of the receptor with MAGUK proteins (17).
Therefore, phosphorylation of GluN2B on Ser-1480 disrupts
anchoring with the postsynaptic density and allows NMDARs
to diffuse laterally to extrasynaptic sites corresponding to
dephosphorylation of Tyr-1472 by the action of the phospha-
tase STEP (18). In addition, the disruption of the PDZ ligand
“uncouples” the receptor and Fyn/Src kinases, decreasing phos-
phorylation of Tyr-1472. Therefore, phosphorylation of
GluN2B on Ser-1480 results in a decrease in Tyr-1472 phos-
phorylation, thus promoting internalization (16). A third phos-
phorylation site on GluN2B is involved in regulating synaptic
expression of NMDARs: Ser-1303 by CaMKII/PKC. It is known
that synaptic activity enhances the physical interaction of CaM-
KII with GluN2B (residues 1290 –1310) and that phosphoryla-
tion of Ser-1303 disrupts CaMKII binding (19). Furthermore,
CK2, which phosphorylates the PDZ ligand of GluN2B, can
bind to active CaMKII (20). Therefore, CaMKII is able to act as
a “scaffolding” protein to couple GluN2B and CK2 in promot-
ing phosphorylation of GluN2B on Ser-1480 (20). Because phos-
phorylation of Ser-1303 reduces the GluN2B/CaMKII associa-
tion, it also regulates phosphorylation of Ser-1480 indirectly
andultimatelyTyr-1472phosphorylation.Insummary,thephos-
phorylation of three distinct residues on the cytoplasmic C-tail
of GluN2B (Ser-1303, Tyr-1472, and Ser-1480) by four distinct
kinases works coordinately to regulate the synaptic expression
of GluN2B-containing NMDARs. In addition, another layer of
complexity can be added to this mechanism, because the asso-

ciation of MAGUK proteins with Src kinase can be modulated
by the Cdk5-mediated phosphorylation of PSD-95 (21). The
role of Cdk5 in GluN2B trafficking is more complex; a recent
study shows that Cdk5 binds to GluN2B and directly phosphor-
ylates the C terminus on Ser-1116 to decrease receptor surface
expression in an activity-dependent manner (22).

The molecular mechanisms explained above are exclusive for
GluN2B-containing NMDARs. GluN2A, the other GluN2 sub-
unit expressed in adult cortex and hippocampus, is subject to
differential regulation despite its homology to GluN2B in its
C-terminal domain. For example, the PDZ ligand domain of
GluN2A is not required for maintaining GluN2A synaptic
localization and GluN2A does not interact with CaMKII. Sim-
ilarly, GluN2A is mainly sorted to degradation after internaliza-
tion, whereas GluN2B is recycled to the plasma membrane (8).
Therefore, from a functional perspective, it is not surprising
that GluN2A is not phosphorylated in its PDZ ligand or affected
by CaMKII phosphorylation. However, based on the high
degree of sequence identity and the close proximity of any
kinases to both GluN2B and GluN2A, the lack of phosphoryla-
tion is striking. It certainly serves as a cautionary example as to
the pitfalls of relying on sequence motifs to predict regulation
by phosphorylation.

There are examples of GluN2A being regulated by phosphor-
ylation, although upstream of the extreme C terminus, which
proves to be so critical for GluN2B regulation. For example, the
kinase Dyrk1a phosphorylates GluN2A in its C-terminal
domain, specifically on Ser-1048, and increases GluN2A sur-
face expression by impairing internalization (23). Unfortu-
nately, the molecular mechanisms regulating this process and
the physiological significance of this phosphorylation remain
unexplored. However, the fact that significant overexpression
of Dyrk1a has been observed in a Down syndrome patient raises
the possibility of a role for phosphorylation of GluN2A on Ser-
1048 in that disease (23). Similarly, the internalization of
GluN3A is also controlled by phosphorylation because a recent
study identified the phosphorylation of Tyr-971 on GluN3A,
within a novel endocytic domain (Tyr-971,Trp-972, and Leu-
973). Strikingly, Tyr-971 phosphorylation promotes the inter-
action with AP-2 and induces GluN3A internalization, just the
opposite effect observed for Tyr-1472 on GluN2B (24).

Phosphorylation can modulate receptor surface expression
by regulating endocytosis as described above, but also by affect-
ing protein export from the ER to the plasma membrane. For
example, phosphorylation on the obligatory NMDAR subunit
GluN1 controls the export of newly assembled receptors to the
plasma membrane. Specifically, the PKC- and PKA-dependent
phosphorylation of Ser-896 and Ser-897, respectively, on
GluN1 promotes the release of the receptor from ER to plasma
membrane, most probably by masking the adjacent ER reten-
tion motif RXR (893– 895) (25). Similarly, the surface expres-
sion of GluN2C in cerebellar granular cells is elevated by
PKB/Akt-mediated phosphorylation on Ser-1096. This phos-
phorylation is activity- and growth factor stimulation-depen-
dent and promotes the association of GluN2C with the adapter
protein 14-3-3�. Because 14-3-3� mediates protein export from
the ER, phosphorylation of GluN2C on Ser-1096 promotes
GluN2C surface expression (26). Interestingly, Ser-1096 on

FIGURE 3. PTMs modify AMPAR intracellular domains. The AMPAR C ter-
mini are substrates for several kinases targeting serine (S), threonine (T), or
tyrosine (Y). Also, AMPARs are modified by palmitoylation on cysteines (C)
and ubiquitination (UB) on lysines (K). The amino acids (aa) targeted by spe-
cific PTMs are depicted.
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GluN2C is analogous to the CaMKII site, Ser-1303, on GluN2B.
Although these two analogous residues on different GluN2 sub-
units are phosphorylated and functionally important, they have
divergent consensus sequences resulting in differing kinase
specificities.

AMPAR Phosphorylation

Since the mid-1990s, the cytosolic C-tails of AMPAR sub-
units have been shown to be targets of a variety of kinases (12,
27–31), which regulate AMPARs in many important ways
including endocytosis, intracellular trafficking, channel con-
ductance, and synaptic plasticity (11, 12, 31–34). As shown in
Fig. 3, all four AMPAR subunits (GluA1– 4) are demonstrated
substrates of least one of the following kinases: CaMKII, Fyn,
JNK, PKA, PKC, and PKG (5, 35). However, most of our knowl-
edge regarding AMPAR phosphorylation is limited to GluA1
and GluA2, which are widely distributed in the brain. Indeed,
GluA1/2 heteromers constitute the majority of AMPARs in the
hippocampus (36, 37).

GluA1 was the first AMPAR subunit for which the phosphor-
ylation of the C-terminal tail (Fig. 3) was identified at Ser-831
and Ser-845 (12). Subsequent studies showed that CaMKII spe-
cifically phosphorylates Ser-831 (31, 32), which leads to an
enhanced single channel conductance (11, 32), whereas the
phosphorylation of GluA1 Ser-845 by PKA increases the open-
ing probability of homomeric GluA1 (38). Surprisingly, no
interacting partners seem to depend on the phosphorylation
state of Ser-845, although Ser-845 phosphorylation regulates
recycling (39), whereas Ser-845 dephosphorylation correlates
with mechanisms associated with LTD (40, 41). Evidence also
suggests that the phosphorylation of GluA2 on Tyr-876 and
Ser-880 is essential for receptor endocytosis (42– 44). Indeed,
GRIP1/2 and PICK1 bind to the extreme GluA2 C-terminal
region to the PDZ ligand. Phosphorylation provides elegant
specificity of binding as phosphorylation of GluA2 on Tyr-876

and Ser-880 disrupts the binding of GRIP1/2, but is still permis-
sive for PICK1 binding to GluA2 to promote internalization
and LTD (43, 45).

It is interesting to note that consensus motifs can be mislead-
ing. For example, both PKC and CaMKII recognize very similar
sequences (46), but the amino acid sequence surrounding
GluA1 Ser-831 does not conform well to the prototypic
CaMKII/PKC consensus motif as the residue at position �3 is
not basic but hydrophobic (a proline). Thus, it is unclear what
other molecular determinants dictate the kinase specificity for
Ser-831. In addition to sequence specificity, other factors can
modulate receptor phosphorylation such as receptor-binding
proteins or other PTMs. For example, SAP97, the only PDZ
protein known to bind GluA1, could play a role in regulating
PTMs (47). Indeed, a model proposes that SAP97 binds to acti-
vated �-CaMKII firmly attached to NMDARs, which provide a
solid platform for the synaptic anchoring of newly inserted
GluA1-containing AMPARs (48). Thus, SAP97 binding to
AMPARs and CaMKII could be a critical mechanism underly-
ing LTP and receptor trafficking (4, 49 –55).

Recent studies have revealed the important regulation of
GluR trafficking dictated by mechanisms targeting the intracel-
lular loops of GluRs, which include ER retention motifs (56) and
residues that are targets for a variety of kinases. Indeed, we
found that GluA1 is phosphorylated by CaMKII on Ser-567, a
residue in the loop1 region of AMPARs. Surprisingly, phosphor-
ylation on this residue inhibits GluA1-containing AMPAR syn-
aptic insertion under basal condition (57). Instead of promoting
AMPAR synaptic expression, the phosphorylation of GluA1 on
Ser-567 may represent the first example of an LTD-specific
CaMKII substrate that is distinctively different from standard
CaMKII substrates such as GluA1 Ser-831 and GluN2B Ser-
1303 (58).

It is likely that the AMPAR intracellular loop contains even
more regulatory sites, and it seemed unlikely that CaMKII was

FIGURE 4. NMDAR lateral diffusion and endocytosis. GluN2B/2B receptor removal from synapses is controlled by the coordinated work of several kinases,
including CaMKII, CK2, and Fyn/Src. In addition, PKC and Cdk5 may be involved in the process. The synaptic activity-dependent activation of CaMKII promotes
phosphorylation on the PDZ ligand of GluN2B by CK2. This phosphorylation disrupts the interaction of the receptor with scaffolding proteins and leads to
GluN2B internalization via dephosphorylation of the YEKL endocytic motif. See text for details.
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the only kinase targeting this region. Indeed, in subsequent
studies, we found that CK2 phosphorylates the loop1 region of
both GluA1 and GluA2 (59). This study shows that blocking
phosphorylation of the major CK2 phosphorylation site on
GluA1, Ser-579, impairs AMPAR surface and synaptic expres-
sion. Interestingly, CK2 can also phosphorylate, at least in vitro,
the GluA1 Ser-567 residue previously identified as a CaMKII
phosphorylation site (57). Furthermore, casein kinase 1 is
another potential kinase that could regulate AMPARs by phos-
phorylating the loop1 of AMPARs (59). Phosphorylation of this
region might not only regulate trafficking, but due to the close
proximity to the pore region, could potentially have potent
effects on channel properties. Thus, the loop1 of AMPARs may
represent an overlooked region with great potential for gaining
insight into core mechanisms regulating glutamate receptor
function.

Through the years, phosphospecific antibodies, phospho-
peptide mapping, mass spectrometry analysis, and genetic
approaches generated volumes of data substantiating a critical
role for AMPAR phosphorylation in regulating synaptic
expression and dynamic AMPAR changes during paradigms of
synaptic plasticity. However, a recent study by Hosokawa et al.
(60) has attempted to tackle the issue of overall stoichiometry
of AMPAR phosphorylation using a different biochemical
approach, specifically a Phos-tag SDS-PAGE reagent that
resolves molecules by molecular weight, as a reflection of their
phosphorylated residues. Thus, the distinction between phos-
phorylated and not phosphorylated species is possible based on
their mobility on SDS-PAGE. Using this technique, 4.3% of all
GluA1 found in the hippocampus are phosphorylated at Thr-
840, whereas phosphorylated GluA1 at Ser-831 and at Ser-845
represent respectively 0.18% and 0.018% of total GluA1 (60).
This estimation is in sharp contrast to other studies that have
estimated closer to 15% of surface GluA1 is phosphorylated at
Ser-845 under steady-state conditions (61). Furthermore,
genetic knock-in approaches have found that GluA1-contain-
ing mutations at Ser-831 and Ser-845 display impaired synaptic
plasticity (62). Therefore, there are conflicting data, but the
study by Hosokawa et al. (60) certainly sheds light on the issue
of stoichiometry and how it can be more precisely determined.
However, detecting low phosphorylation levels at any given
time reflects the transient nature of phosphorylation, and thus
studying the stoichiometry of PTMs (i.e. phosphorylation or
ubiquitination) on substrates is not necessarily a measure of
functional relevance because spatial and temporal resolution is
missing.

Ubiquitination

In addition to phosphorylation, other PTMs such as palmi-
toylation and ubiquitination are gaining attention as well.
Indeed, the importance of the ubiquitin (UB) system in regulat-
ing virtually all aspects of cell function rivals, and may exceed,
the role of protein phosphorylation (63). For example, the UB
system preserves cell homeostasis by acting as the primary
mechanism of protein quality control, membrane protein traf-
ficking, receptor internalization, and degradation (64, 65).

Ubiquitination is a highly regulated ATP-dependent process
that requires the coordinated and sequential action of an E1-ac-

tivating enzyme, an E2-conjugating enzyme and, finally, an E3
UB ligase. Ultimately, the UB molecule is attached to the sub-
strate via the formation of an isopeptide bond between the
C-terminal glycine of UB and an internal lysine within the sub-
strate. The human genome encodes several hundred E3s, and
only a few of these have been studied thus far. In mammalian
cells, many G protein-coupled receptors and ion channels are
ubiquitinated in response to ligand binding (66 –74). In addi-
tion, the UB-proteasome system influences neuronal activity
and glutamatergic neurotransmission. For instance, a study by
Ehlers (75) shows that bidirectional homeostatic plasticity trig-
gers activity-dependent ubiquitination and profound modifica-
tions of a variety of PSD proteins. This pioneering work, along
with studies from other groups, suggests a mechanism for reg-
ulating dynamic changes in spine content, morphology, and
structure, therefore altering synaptic activity and plasticity (76,
77).

Many studies have identified and characterized the ubiquiti-
nation of mammalian iGluRs. For instance, the UB E3 ligases
Fbx2 (78) and Mind Bomb-2 (79) ubiquitinate the NMDAR
subunits GluN1 and GluN2B in an activity-dependent manner.
More recently, GluN2D was shown to be ubiquitinated by
Nedd4-1 (80). The ubiquitination of AMPARs, on the other
hand, was initially demonstrated in Caenorhabditis elegans
(81), and it took another decade before studies demonstrated
that mammalian AMPAR subunits were actually ubiquitinated
by the UB E3 ligases APCCdh1, Nedd4-1, and RNF167 (68, 69,
72, 73, 82– 84). Interestingly, modulation of neuronal activity
by repetitive stress induces GluA1 and GluN1 ubiquitination
(85). Importantly, two recent proteomic studies performed on
rodent brains identified GluN1, GluN2A/2B (Fig. 2), and
GluA1– 4 (Fig. 3) as being modified by UB (86, 87). Without a
doubt, ubiquitination is important for regulating GluRs, but the
mechanisms and implications of AMPAR and NMDAR ubiq-
uitination on health and with respect to synaptic dysfunction
remain to be investigated in depth.

Palmitoylation

Another common and important PTM that regulates GluR
trafficking is palmitoylation. It is defined by the covalent and
reversible union of a palmitic acid molecule (saturated 16-car-
bon lipid) to a cysteine residue in a given protein. The presence
of basic and hydrophobic residues surrounding cysteine
appears to create a favorable sequence environment for the
reaction (88). This likely explains the propensity of palmitoy-
lated cysteines to be identified near the transmembrane-span-
ning region for membrane proteins (89 –92). The addition of
the palmitoyl group increases the hydrophobicity of the protein
and, therefore, facilitates the interaction with cellular mem-
branes. Palmitoylation can both stabilize proteins in the plasma
membrane and control protein shuttling between intracellular
compartments (93). Palmitoylation is mediated by a group of
enzymes named palmitoyltransferases (PATs), of which there
are 23 in humans with each containing an Asp-His-His-Cys
(DHHC) Cys-rich domain that confers the molecular signature
of PATs (94). Conversely, depalmitoylation is mediated by acyl-
protein-thioesterases, of which very few have been identified so
far.
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The function of many neuronal proteins, including
NMDARs and AMPARs, is regulated by palmitoylation. The
palmitoylation of GluN2A and GluN2B subunits occurs in “two
clusters” (Fig. 2). Cluster I, close to the last transmembrane
domain of GluN2A and GluN2B, is associated with an increase
in the surface expression of the receptor, whereas palmitoyla-
tion of Cluster II, located in the middle of the intracellular
C-terminus, plays an opposite role to Cluster I and is associated
with receptor accumulation in the Golgi apparatus (95, 96).
However, the regulation of NMDARs by palmitoylation is com-
plex and participates in interplay with tyrosine phosphoryl-
ation for both GluN2A and GluN2B. In addition, PSD-95 and
other synaptic proteins important for controlling NMDARs are
also palmitoylated, multiplying the complexity of the regulation
of NMDARs by this modification (93). Similarly, all four sub-
units of AMPARs are palmitoylated at two conserved cysteine
residues (Fig. 3): one is located within the C-terminal region,
and another is located within the second intracellular loop
immediately adjacent to the pore region (89, 97). Although in
vitro studies show that AMPAR trafficking and membrane
expression are regulated by palmitoylation (95, 97), the study by
Van Dolah et al. (98) tackled the function of AMPAR palmitoy-
lation in the brain. In this interesting study, intraperitoneal
injection of the psychostimulant cocaine (20 mg/kg) in adult
male rats up-regulates the palmitoylation of GluA1 and GluA3
AMPAR subunits in the nucleus accumbens. In fact, cocaine
causes the redistribution of AMPARs, increasing the intracel-
lular localization, whereas the surface expression was reduced.
Although future studies are required to clarify the function of
palmitoylation in AMPAR synaptic plasticity, it is clear that
AMPAR palmitoylation can be dynamically controlled by
extracellular stimuli in various brain regions (89, 97, 98).

Future Perspectives

Over the last decade, great advances have been made in iden-
tifying the specific regulation of AMPARs and NMDARs by
PTMs. Several studies demonstrate crosstalk between two or
more PTMs to be important mechanisms of synaptic regulation
(99). Functionally, crosstalk may occur within the same protein
(cis crosstalk) or between PTMs on two different proteins
(trans crosstalk). An example of such crosstalk on glutamate
receptors is that, after depalmitoylation of GluA1 on Cys-811,
the phosphorylation of GluA1 Ser-818 by PKC enhances bind-
ing to 4.1N to drive membrane insertion and the expression of
LTP (97). As evidenced by this study, future investigations are
required for understanding the synergistic/antagonistic effect
of PTMs and the directionality of the crosstalk for identifying
new mechanisms implicated in spatial and temporal regulation
of AMPARs and NMDARs. Interestingly, using mass spectrom-
etry and various enrichment approaches, a recent study sug-
gests the presence of a global crosstalk directionality in which
phosphorylation frequently precedes ubiquitination (100). In
conclusion, PTMs represent an important set of mechanisms to
regulate protein function and cellular signaling, and the impor-
tance and complexity of its code remain a major challenge for
our complete understanding of brain function.
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A central theme in nervous system function is equilibrium:
synaptic strengths wax and wane, neuronal firing rates adjust up
and down, and neural circuits balance excitation with inhibi-
tion. This push/pull regulatory theme carries through to the
molecular level at excitatory synapses, where protein function is
controlled through phosphorylation and dephosphorylation by
kinases and phosphatases. However, these opposing enzymatic
activities are only part of the equation as scaffolding interac-
tions and assembly of multi-protein complexes are further
required for efficient, localized synaptic signaling. This review
will focus on coordination of postsynaptic serine/threonine
kinase and phosphatase signaling by scaffold proteins during
synaptic plasticity.

Control of Synaptic Strength through Balanced
Phosphorylation/Dephosphorylation

A defining aspect of the mammalian brain is its profound
capacity for experience-dependent plasticity that modifies the
strength of specific synaptic connections between neurons.
Two well studied opposing forms of synaptic plasticity at excit-
atory synapses are long-term potentiation (LTP)2 and long-
term depression (LTD), which strengthen and weaken syn-
apses, respectively. LTP and LTD have been most heavily
studied in a brain region called the hippocampus where they
support spatial and declarative learning and memory. LTP and
LTD are induced by Ca2� influx through postsynaptic NMDA-

type ionotropic glutamate receptors (NMDARs) and are
expressed by long-lasting increases or decreases, respectively,
in the function of AMPA-type ionotropic glutamate receptors
(AMPARs) that mediate the bulk of excitatory synaptic trans-
mission (1, 2).

NMDARs are heterotetrameric assemblies most commonly
containing two GluN1 and two GluN2A-2D subunits and are
permeable to Na�, K�, and Ca2�. At hippocampal synapses,
NMDARs are assembled from GluN1, GluN2A, and GluN2B
subunits. AMPARs are heterotetrameric assemblies of GluA1–
GluA4 subunits, with most being permeable only to Na� and
K� due to inclusion of GluA2 subunits that prevent Ca2� influx
(3). However, hippocampal neurons can also express small
numbers of Ca2�-permeable AMPARs lacking GluA2 subunits
(i.e. GluA1 homomers) that primarily reside in extrasynaptic
and intracellular locations but can be recruited to synapses dur-
ing plasticity and following neuronal injuries (4). Intriguingly,
there is much commonality in the molecular mechanisms
underlying the ostensibly antagonistic processes of LTP and
LTD; both require correlated pre- and postsynaptic activity
leading to NMDAR Ca2� influx and are mediated by overlap-
ping sets of enzymes. However, it is the ability of the synapse to
detect subtle differences in Ca2� and other second messengers
and efficiently transduce these signals to discrete downstream
signaling pathways that permits diametrically opposed out-
comes to arise from grossly similar synaptic stimuli.

Ultimately, excitatory synaptic plasticity must add, remove,
or modify AMPARs to alter synaptic strength. Although
AMPAR regulation during plasticity is covered in-depth else-
where in this series (see Roche and colleagues (101)), it bears
mentioning here. Brief, strong NMDAR Ca2� influx can acti-
vate a host of kinases that increase AMPAR activity during LTP
through phosphorylating both AMPARs (2, 5–7) and other reg-
ulatory proteins (5, 8, 9). AMPAR GluA1 subunits, in particular,
are phosphorylated on several C-terminal tail residues to alter
channel biophysical properties and synaptic localization. For
example, Ca2�-calmodulin-dependent protein kinase II
(CaMKII) and PKC phosphorylate GluA1 on Ser-831 and Ser-
818 (PKC only) to increase single channel conductance and
synaptic incorporation during LTP. GluA1 is also phosphory-
lated on Ser-845 by the cAMP-dependent protein kinase
(PKA), which increases channel open probability and stimu-
lates recycling exocytosis to prime AMPARs for synaptic inser-
tion during LTP (reviewed in Refs. 5–7). Thus, although CaM-
KII may be the most important, direct transducer of NMDAR
Ca2� signaling during LTP, multiple postsynaptic kinases col-
lectively promote potentiation (Fig. 1).

Conversely, LTD can be elicited by weak but sustained
NMDAR Ca2� influx. Under these conditions, protein phos-
phatases 1 (PP1), 2A (PP2A), and calcineurin (CaN; also known
as PP2B) become activated (10 –12) (Fig. 1). Consequently,
dephosphorylation of AMPARs as well as other postsynaptic
targets is generally favored during LTD. In particular, GluA1
Ser-845 dephosphorylation is critical for AMPAR removal dur-
ing LTD through promoting endocytosis and preventing recy-

* This work was supported by National Institutes of Health Grants NS040701
and MH102338 (to M. L. D.). This is the second article in the Thematic Mini-
review series “Molecular Mechanisms of Synaptic Plasticity.” The authors
declare that they have no conflicts of interest with the contents of this
article. The content is solely the responsibility of the author and does not
necessarily represent the official views of the National Institutes of Health.

1 To whom correspondence should be addressed: Dept. of Pharmacology,
University of Colorado School of Medicine, Anschutz Medical Campus,
12800 E. 19th Ave., Mail Stop 8303, Aurora, CO 80045. Tel.: 303-724-3616;
Fax: 303-724-3663; E-mail: mark.dellacqua@ucdenver.edu.

2 The abbreviations used are: LTP, long-term potentiation; LTD, long-term
depression; AC, adenylyl cyclase; AKAP, A-kinase anchoring protein; �2AR,
�2-adrenergicreceptors;CaM,calmodulin;CaMK;Ca2�-calmodulin-depen-
dent protein kinase; CaN, calcineurin; CDK5; cyclin-dependent kinase 5;
CREB, Ca2�/cAMP-responsive element-binding protein; CRTC1, CREB-reg-
ulated transcriptional co-activator; E-T, excitation-transcription; I-1, inhib-
itor-1; I-2, inhibitor-2; LTCC, L-type calcium channel; NFAT, nuclear factor of
activated T-cells; PP1, protein phosphatase 1; PP2A, protein phosphatase
2A; PP2B, protein phosphatase 2B; PSD; postsynaptic density; NMDAR,
NMDA-type ionotropic glutamate receptor; AMPAR, AMPA-type iono-
tropic glutamate receptor.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 48, pp. 28604 –28612, November 27, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

28604 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 48 • NOVEMBER 27, 2015

MINIREVIEW



cling to favor receptor degradation (reviewed in Refs. 5–7).
Because of its direct activation by Ca2� and CaM, CaN is prob-
ably the most important, direct transducer of NMDAR Ca2�

signaling during LTD, but other phosphatases and kinases,
including CaMKII (discussed below), also play essential roles
during LTD (Fig. 1). Thus, an overriding question addressed in
this review is how are ubiquitous second messenger systems
(cAMP and Ca2�) and signaling enzymes with broad substrate
specificity (PKA, CaMKII, PP1, and CaN) organized at synapses
to coordinate very specific, localized signaling events during
LTP and LTD?

Coordinated Regulation of Postsynaptic PKA, PKC, and
Calcineurin Signaling by AKAP79/150

Important answers to the above question may be found in the
network of scaffolding interactions found in the postsynaptic
density (PSD), a structure located at the tip of dendritic spines
opposite the presynaptic terminal (see also Spence and Soder-
ling (102) in this issue for more on dendritic spine structure).
Scaffold proteins in this PSD network position signaling
enzymes to respond to second messengers and exert rapid
effects on synaptic substrates. The PKA-PKC-CaN complex
assembled by A-kinase anchoring protein (AKAP) 79/150
(human 79/rodent 150; also known as AKAP5) is a prototypical
example of a postsynaptic scaffold-organized signaling com-
plex (Fig. 2) (13).

First characterized by its ability to bind PKA through its
C-terminal amphipathic �-helical domain (14), AKAP79/150

was subsequently shown to bind CaN (15) through a variant of
the PXIXIT motif found in other CaN-binding proteins (16 –
18) and PKC through its N-terminal membrane-targeting
domain (19). AKAP79/150 also acts as a structural scaffolding
hub as it binds F-actin (20), the plasma membrane lipid phos-
phatidylinositol-4,5-bisphosphate (21), synaptic adhesion mol-
ecules (22), and PSD-95 family scaffold proteins that link to
NMDARs and AMPARs (23). Given its collection of anchored
enzymes and linkage to glutamate receptors, it is not surprising
that AKAP79/150 plays an integral role in synaptic plasticity.
Indeed, experiments using AKAP150 knock-out mice demon-
strated roles for this scaffold in hippocampal LTD and spatial
learning (24). Additional analysis of AKAP150 C-terminal trun-
cation knock-in mice lacking the PKA anchoring site showed
more specifically that AKAP-PKA signaling promotes GluA1
Ser-845 phosphorylation and supports LTP, LTD, and reversal
learning (25–27). Furthermore, studies employing RNAi with
mutant replacement (28, 29) and an AKAP150 knock-in mouse
lacking the PXIXIT-like CaN docking motif (30) reveal that
anchored CaN mediates GluA1 Ser-845 dephosphorylation
and AMPAR endocytosis to promote LTD and constrain LTP.
In addition, genetic disruption of AKAP-CaN or -PKA anchor-
ing alters spatial and contextual fear learning and memory.3
Finally, although AKAP79/150-anchored PKC can phosphory-
late GluA1 Ser-831 in heterologous cells and cultured neurons,

3 M. L. Dell’Acqua, unpublished observations.

FIGURE 1. Postsynaptic phosphorylation/dephosphorylation signaling during synaptic plasticity. During synaptic potentiation, brief, strong cytosolic
Ca2� predominantly activates kinases such as CaMKII, PKC, and PKA. AMPA (GluA1– 4 subunits) and NMDA-type (GluN1 and GluN2A-2D subunits) glutamate
receptors are among the many synaptic targets that are phosphorylated, promoting stronger synaptic transmission. Conversely, during the modest, pro-
longed influx of Ca2� that initiates synaptic depression, phosphatase activity in general outweighs kinase activity; CaN, PP1, and PP2A dephosphorylate
receptors, scaffolds, and other synaptic proteins, resulting in smaller dendritic spines and diminished synaptic strength. However, kinases also play roles in
synaptic depression.
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the role of AKAP-PKC anchoring in synaptic plasticity and cog-
nition has not been addressed (31). Taken together, these stud-
ies illustrate the critical role that scaffolding can play in locally
balancing phosphorylation and dephosphorylation to control
synaptic plasticity.

In addition to positioning kinases and phosphatases, AKAPs
can bind other key components of the cAMP signaling pathway,
including G protein-coupled receptors, adenylyl cyclases
(ACs), and phosphodiesterases. AKAP79/150 binds to the
�2-adrenergic receptor (�2AR) (32) and multiple AC isoforms
(33, 34). �2ARs couple to AC-cAMP-PKA signaling to enhance
LTP and learning and memory through GluA1 phosphoryla-
tion (35, 36). In a series of elegant experiments comparing
AKAP150 knock-out mice with AKAP150-PKA binding-defi-
cient mice, AKAP knockouts exhibited a greater deficiency in
�2AR enhancement of GluA1 Ser-845 phosphorylation and
LTP (37). The less severe phenotype of the PKA binding-defi-
cient mice was attributed to preserved interaction with AC,
resulting in normal �2AR-stimulated cAMP production that
likely signaled, albeit less effectively, through other pools of
PKA. Of note, AKAP250/Gravin (also known as AKAP12) can
also associate with �2ARs to facilitate LTP regulation (38).
Thus, there is likely interplay between these two AKAP-PKA
complexes in postsynaptic LTP regulation. Interestingly, in
many of the above studies, AKAP79/150-anchored PKA and
CaN were found to impact LTP/LTD through preferential con-
trol of GluA1 Ca2�-permeable AMPARs, perhaps because
these GluA1 homomers can be phosphorylated on four Ser-845
sites as compared with only two in GluA1/2 heteromers (26, 30,
37).

Due to their micrometer size, dendritic spines themselves are
microdomains for compartmentalized signaling, but it is clear
that AKAP79/150 and other PSD scaffold proteins nucleate
postsynaptic signaling complexes that function on the molecu-
lar/nanometer scale. Such intra-spine nano-domain signaling
may occur near receptors in the PSD, in extrasynaptic regions
of the spine plasma membrane, or in spine-localized endo-

somes. AKAP79/150 also serves as an excellent example of
postsynaptic nano-targeting, as its own localization is fine-
tuned by reversible palmitoylation of its N-terminal targeting
domain by the palmitoyl-acyltransferase DHHC2 (39, 40).
AKAP79/150 palmitoylation is not required for general target-
ing to the plasma membrane but is necessary for specific local-
ization to plasma membrane lipid rafts (which are associated
with the PSD) and recycling endosomes (40, 41). Importantly,
AKAP79/150 palmitoylation in endosomes is required for stim-
ulation of recycling exocytosis and delivery of the AKAP and
GluA1 to synapses during chemical LTP induction (39, 40).
However, in general, our understanding of the trafficking of
AKAP79/150 and other postsynaptic scaffolds lags behind our
understanding of the AMPAR trafficking that they control. We
do know that AKAP79/150 can be uncoupled from PSD-95
scaffolds and removed from both the postsynaptic mem-
brane and the endosomes during chemical LTD induction
through inhibition of its N-terminal targeting interactions
via a combination of depalmitoylation (39), phospholipase C
cleavage of phosphatidylinositol-4,5-bisphosphate, and
CaN-dependent F-actin reorganization. Importantly, this
inhibition of AKAP79/150 membrane targeting during LTD
may prevent PKA-mediated re-phosphorylation of GluA1 that
would promote recycling and reverse LTD (reviewed in Ref.
13). Interestingly, changes in AKAP79/150 synaptic localiza-
tion, PKA and CaN signaling, and GluA1 Ser-845 phosphory-
lation have also recently been implicated in regulating GluA1
synaptic localization during slower, homeostatic forms of syn-
aptic plasticity that scale synaptic strength up or down across all
inputs in response to chronic increases or decreases in overall
neuronal activity, respectively (42, 43).

Regulation of Postsynaptic CaMKII Signaling

CaMKII is dodecameric holoenzyme assembled from �, �, �,
and � isoforms. In most neurons, CaMKII contains � � � ��
�/� isoforms. Due to its enrichment at synapses and mecha-
nisms of Ca2� regulation, CaMKII (� in particular) has

FIGURE 2. Kinase and phosphatase scaffolding is critical for postsynaptic signaling during plasticity. Enzymes are targeted to Ca2� and cAMP sources and
important substrates through association with synaptic scaffolds such as AKAP79/150 and PSD-95 as well as actin-binding proteins such as neurabin and
�-actinin. CaMKII is unique in that it serves as an enzyme, self-scaffold, and actin organizer. Circled P represents phosphorylation. Green lines represent
phosphorylation, and red lines represent dephosphorylation. The black line represents degradation of p35 that inactivates CDK5 kinase activity. The specific
AMPARs and NMDARs depicted are GluA1/2 and GluN1/2B. TARP is an abbreviation for transmembrane AMPA receptor regulatory protein.
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attracted substantial attention in the synaptic plasticity field
(44 – 46). In response to Ca2� elevation, Ca2�-CaM binding to
CaMKII displaces the autoinhibitory domains to permit active
site access for both exogenous substrates and Thr-286 (Thr-287
on �, �, �) in the autoinhibitory domain of neighboring Ca2�-
CaM-bound subunits. Autophosphorylation of Thr-286 modi-
fies CaMKII function in two ways: it enhances Ca2�-CaM bind-
ing affinity (so-called CaM trapping) and prevents the
autoinhibitory domain from fully occupying the active site, gen-
erating what is referred to as CaMKII “autonomy” wherein the
kinase remains partially active after CaM dissociation. Impor-
tantly, CaMKII autonomy functions as a form of “molecular
memory” of past Ca2� signals and plays crucial roles in both
LTP induction and learning and memory (47, 48). CaMKII Thr-
286 can be dephosphorylated by either PP1 or PP2A, but PP1
appears to play a more prominent role in dephosphorylation of
CaMKII in the PSD (49). Following strong synaptic stimulation,
more CaMKII is also rapidly recruited to the PSD (50 –53),
where it phosphorylates not only AMPARs and its auxiliary
subunits (8, 9) but also small GTPase regulators (54, 55) and
adhesion molecules (56). With so many important targets, how
is CaMKII postsynaptic signaling controlled? Because there are
a number of comprehensive reviews on this topic (44 – 46), here
we will primarily focus on specific postsynaptic scaffolding
interactions that control CaMKII signaling (Fig. 2).

The CaMKII holoenzyme configuration permits CaMKII �
and � subunits to serve as scaffolds for one another through
both common and distinct interacting proteins. F-actin binding
is one such interaction that is distinctly controlled by � versus �
subunits. CaMKII can associate indirectly with F-actin through
the adapter protein �-actinin (57) but can also bind F-actin
directly through its � isoform (58 – 61). Upon activation by
Ca2�-CaM, CaMKII� unbinds from F-actin, allowing the
kinase to redistribute and establish new interactions. In partic-
ular, CaMKII activation promotes binding to the PSD scaffold
densin-180; however, because densin-180 also binds �-actinin,
a ternary complex results that can still be linked to F-actin but
also further associate with NMDARs through CaMKII binding
to GluN2B subunit (57, 62, 63). However, adding to this com-
plexity, there are secondary interactions of CaMKII with the
GluN1 subunit that are instead inhibited by �-actinin binding
to GluN1 (64). Importantly, CaMKII and F-actin have recipro-
cal effects on one another; CaMKII is positioned by its interac-
tions with F-actin but in turn can directly bundle and stabilize
actin fibers through its � isoform in a Ca2�-CaM-regulated
manner (59 – 61). Indeed, CaMKII� is important for the integ-
rity of the actin cytoskeleton, and its loss destabilizes spines
(61). Interestingly, this effect of CaMKII� loss on spines can be
rescued with a kinase-inactive mutant, highlighting the func-
tion of CaMKII as a structural scaffold. The importance of this
kinase-independent role is further supported by comparing the
phenotypes of CaMKII� knock-out mice with those expressing
kinase-inactive CaMKII� (65). Although CaMKII� knock-out
impairs CaMKII synaptic localization, LTP, and learning, none
of these functions are disrupted by the kinase-inactive
mutation.

As alluded to above, another key CaMKII postsynaptic inter-
action is with the NMDAR GluN2B subunit, which contains a

binding site in its C-terminal tail near the CaMKII phosphor-
ylation site Ser-1303 (66 – 69). Recruitment of activated
CaMKII to GluN2B occurs rapidly following Ca2� stimula-
tion but, like Thr-286 phosphorylation, outlasts the Ca2�

signal, thus permitting postsynaptic CaMKII to participate
in yet another form of “molecular memory.” Indeed, CaMKII
binding to GluN2B has been implicated in LTP maintenance
and memory consolidation. In one study, a high dose of an
inhibitor peptide (tatCN21), which competes with GluN2B for
CaMKII binding, was found to acutely disrupt both GluN2B-
CaMKII binding and LTP maintenance (70). In a second study,
CaMKII binding-deficient GluN2B knock-in mice exhibited
reductions in GluA1 Ser-831 phosphorylation, LTP, and mem-
ory consolidation (71). Collectively, these findings support a
model in which CaMKII enzymatic and non-enzymatic func-
tions may work together to process and store information at
excitatory synapses.

Abundant evidence exists for the role of CaMKII in LTP, but
there is accumulating evidence that it also participates in LTD
(72). Intriguingly, a newly characterized Ser-567 phospho-site
in GluA1, which results in AMPAR synaptic exclusion (73), was
recently shown to be phosphorylated by autonomous CaMKII
under NMDAR LTD conditions (72). In addition, GluA1 Ser-
567 exhibits distinct characteristics as compared with typical
CaMKII substrates implicated in LTP (i.e. Ser-831) in that
Ca2�-CaM stimulation does not elevate Ser-567 phospho-lev-
els above those obtained with autonomous CaMKII. Thus, an
intriguing new hypothesis is that there are two classes of
CaMKII substrates that are differentially regulated by stimu-
lated versus autonomous kinase activity to favor either LTP or
LTD, respectively. These recent findings also provide a clear
exception to the over-simplified rule that kinases mediate syn-
aptic potentiation and phosphatases mediate synaptic
depression.

Regulation of Postsynaptic PP1 Signaling

Another challenge in understanding plasticity is that synap-
tic changes are often controlled through multiple parallel and
overlapping signaling pathways, such as CaN, PP1, and PP2A
phosphatases that all participate in LTD (10 –12). Like control
of CaN signaling by AKAP79/150, PP1 and PP2A signaling also
rely heavily on binding partners to regulate activity and subcel-
lular targeting, but because less is known about regulation of
PP2A signaling during LTD, here we will only discuss PP1.
Prominent among postsynaptic PP1 regulatory proteins are the
related F-actin-binding proteins neurabin-1 (Fig. 2) and spi-
nophilin (also called neurabin-2), which anchor PP1 through
modular binding motifs with the loose consensus sequence
(K/R)(V/I)X(F/W) that is commonly abbreviated as RVXF (74).
Importantly, disruption of the interaction between PP1 and
neurabin/spinophilin using competing RVXF binding motif
peptides can block LTD (75). In addition, specific interference
with neurabin-PP1 association by mutation inhibits LTD,
whereas overexpression of wild-type neurabin-1 enhances LTD
and promotes dephosphorylation of GluA1 Ser-845 and Ser-
831 (76, 77). Overall, these findings support a model where
neurabin-1recruitsPP1tosynapsestopromoteAMPARdephos-
phorylation during LTD.
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Thus, another key question is how is PP1 enzymatic activity
regulated by synaptic activity when complexed with scaffolds
such as neurabin? Historically, models for NMDAR activation
of PP1 during hippocampal LTD have implicated CaN-medi-
ated dephosphorylation of PP1 inhibitory PKA substrate inhib-
itor-1 (I-1) (10). Also, PKA phosphorylation of neurabin-1 can
inhibit its PP1 binding, a mechanism that may favor LTP (76,
78). However, several additional PP1 regulatory mechanisms
have recently received attention in NMDAR signaling, includ-
ing PP1 binding to inhibitor-2 (I-2), possibly in a ternary com-
plex with neurabin-1, and PP1 inhibitory phosphorylation on
Thr-320. In particular, recent work identified cyclin-dependent
kinase 5 (CDK5) as the kinase for PP1 Thr-320 and demon-
strated that when CDK5 is inhibited by synaptic NMDAR
activation via proteasomal degradation of its p35 subunit, PP1
auto-dephosphorylates to become active (79). This study also
uncovered a requirement for association of PP1 with I-2, which
was increased by I-2 Thr-72 dephosphorylation, to promote
PP1 signaling during NMDAR LTD; this mechanism stands in
contrast with reversal of PP1 association with I-1 through
Thr-35 dephosphorylation. Collectively, these studies indicate
that a kinase (CDK5) and multiple PP1-binding proteins con-
spire to regulate postsynaptic PP1 activity (Fig. 2). Interestingly,
another recent study found that PP1 is also required for homeo-
static synaptic downscaling, but in this case, PP1 is activated by
release from I-2 inhibition through Ser-43 phosphorylation by
myosin light-chain kinase (80).

Coordinated Kinase and Phosphatase Signaling in
Postsynaptic Excitation-Transcription Coupling

Longer-lasting forms of plasticity that are maintained for
hours, days, months, or even years, such as the late phase of
LTP, require not only initial changes in AMPAR synaptic local-
ization that occur during the early-phase of LTP but also sub-
sequent gene transcription (81) and protein synthesis (covered
by Alvarez-Castelao and Schuman (103) in this issue). Several
pathways linking acute changes in neuronal activity to persis-
tent alterations in gene transcription rely on local Ca2� influx
through voltage-gated L-type calcium channels (LTCCs) to
trigger phosphorylation or dephosphorylation of transcription
factors, such as Ca2�/cAMP-responsive element-binding
protein (CREB), CREB-regulated transcriptional coactivator
(CRTC1), and nuclear factor of activated T-cells (NFAT) (82–
84). In particular, a privileged role for LTCC Ca2� signaling to
CREB in neuronal excitation-transcription (E-T) coupling
associated with LTP/LTD and long-term memory has been
known for almost 25 years (85– 88).

The transcriptional activating function of CREB itself can be
controlled by phosphorylation on Ser-133 by a variety of
kinases including PKA, CaMKs, and ERK (81). However, stud-
ies of E-T coupling have revealed vital roles for not only kinases
but also phosphatases in activating CREB-dependent transcrip-
tion. In a variety of neuron types, LTCCs activate both CaN and
CaMKII, which can have either opposing or cooperative roles in
regulating CREB-mediated transcription (83, 89, 90). However,
recent studies in sympathetic and cortical neurons found that
LTCC Ca2� influx recruits CaMKII� to the channel to trans-
phosphorylate Thr-287 in the autoinhibitory domain of

CaMKII� and promote Ca2�-CaM trapping, whereas concom-
itant activation of CaN dephosphorylates Ser-334 in a nuclear
localization sequence on CaMKII�. Subsequent CaMKII�
translocation and shuttling of CaM to the nucleus then acti-
vates CaMK kinase (CaMKK) and CaMKIV to phosphorylate
CREB (91). Interestingly, a kinase-inactive mutant of CaMKII�,
which could not phosphorylate itself or other substrates but
still served as substrate for CaMKII�, was able to signal to
CREB, thus providing additional support for a CaM shuttling
rather than an enzymatic role for CaMKII�. Thus, phospho-
regulation of CaMKII� at two critical sites allows it to shuttle
CaM to the nucleus and induce gene transcription. However,
the molecular details of how changes in CaMKII� phosphory-
lation state and CaM binding are so precisely regulated to only
load CaM at the channel and then release it in the nucleus await
further investigation. In addition, according to this mechanism,
only CaMKII holoenzymes exclusively composed of the � iso-
form must be able to enter the nucleus (Fig. 3); otherwise it is
hard to rule out additional signaling by enzymatically active
CaMKII� that enters the nucleus in association with CaMKII�.

The above CaMKII-CaMKIV signaling mechanism also
likely contributes only to an initial, rapid phase of CREB activa-
tion (seconds to minutes) following excitation where Ca2�

increases not only near LTCCs but also globally to maintain
Ca2�-bound CaM all the way to the nucleus. In contrast, more
prolonged CREB activation (minutes to hours) in response to
local LTP induction and restricted Ca2� influx in dendrites is
thought to be mediated by local, postsynaptic CaMKII activa-
tion of the ERK pathway followed by slower, longer-distance
translocation of ERK signaling from dendrites to nucleus to
phosphorylate CREB (87, 92, 93). In addition, the CREB co-ac-
tivator CRTC1 is dephosphorylated by CaN in response to
LTCC Ca2� influx triggered by synaptic input to dendrites and
then also slowly translocates distally to the nucleus where it is
required for CREB-dependent gene expression underlying fear
memory (83, 94). Thus, although many key players in CREB E-T
coupling have been identified, future work must further explore
the mechanisms of cellular and synaptic organization that per-
mit signaling to CREB over these different distance and time
scales.

A parallel E-T coupling system, in which more has already
been learned regarding the contribution of postsynaptic orga-
nization to nuclear signaling, is NFAT translocation to the
nucleus (over minutes to an hour) following brief, local LTCC
Ca2� influx in neurons. Work over the past decade has revealed
the complexity and importance of an AKAP79/150-organized
signaling complex in both PKA/CaN bi-directional regulation
of neuronal LTCC activity and NFAT-mediated E-T coupling
(Fig. 3) (18, 95, 96). AKAP79/150 directly binds the LTCC
CaV1.2 through a C-terminal leucine zipper and anchors CaN
through a PXIXIT-like motif that is very similar to the CaN
docking sequences found in the NFAT transcription factors
themselves (17). However, despite essentially competing with
NFAT for CaN binding and also suppressing PKA-mediated
enhancement of LTCC activity, AKAP79/150-CaN anchoring
is critical for NFAT activation by LTCC Ca2� influx (18, 95).
How exactly is LTCC-CaN-NFAT signaling promoted by the
AKAP? Guided by the crystal structure of the AKAP-CaN com-

MINIREVIEW: Postsynaptic Kinase and Phosphatase Signaling Complexes

28608 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 48 • NOVEMBER 27, 2015



plex, mutations in the PXIXIT-like motif designed to either
increase or decrease CaN anchoring affinity, were both, sur-
prisingly, found to inhibit NFAT activation. In particular,
increasing anchoring affinity immobilized CaN in spines and
prevented NFAT translocation to the nucleus (97). Thus,
AKAP-CaN anchoring is by necessity dynamic and promotes
NFAT signaling by balancing strong recruitment of CaN
near its upstream activator, the LTCC, with its efficient
release to communicate with its downstream effector NFAT.

Building on this theme of dynamics and balance in local
signaling complexes, additional research found that disrup-
tion of AKAP79/150-PKA anchoring, both through acute
overexpression and through knock-in of PKA anchoring-de-
ficient mutants, also prevents NFAT signaling, a deficit
attributable to profound decreases in basal LTCC phosphor-
ylation, current density, and depolarization-evoked Ca2�

influx (98, 99). Thus, neuronal LTCC-NFAT transcriptional
signaling requires precise organization and balancing of the
phosphatase activity of CaN in the channel nano-environ-
ment, which is required for NFAT activation, with the
opposing kinase activity of PKA, which is needed to prevent
CaN from suppressing channel function. Importantly, these
studies of AKAP79/150 provide some of the most complete
and detailed molecular mechanisms to date explaining how
local Ca2� signaling by LTCC plays such a privileged role in
neuronal E-T coupling.

Conclusions and Future Directions

It is clear that postsynaptic kinase/phosphatase signaling
balance is key to synaptic plasticity regulation on multiple

time scales through controlling both local signal transduc-
tion confined to synapses as well as distal communication
with the nucleus. In all cases, the high degree of signaling
specificity and efficiency required is conferred by regulatory
binding partners/scaffolds that are as important as the activ-
ities of the kinases and phosphatases themselves in deter-
mining impacts on synaptic function. Indeed, distinct and
even opposing types of plasticity can involve the same kinase
and phosphatase players, but the actions of these players
appear to be directed by scaffolding interactions toward one
pathway or another to achieve different outcomes. Future
research should further elucidate how scaffold proteins play
key roles in such local, postsynaptic decision making
through interrogating signaling complexes on the nanome-
ter scale using new super-resolution microscopy methods
(100). In addition, it will be important to further explore how
scaffold-directed phosphorylation intersects with signaling
through other reversible post-translational modifications,
such as palmitoylation and ubiquitination (6)(see also Alva-
rez-Castelao and Schuman (103) in this issue). Finally, given
that many neuropsychiatric and neurological disorders are
characterized by alterations in synaptic plasticity, a better
understanding of how kinase/phosphatase signaling path-
ways are organized at synapses will hopefully identify novel
drug targets and therapies for brain diseases. Precisely tar-
geting synaptic scaffolding interactions could have many
advantages, in terms of improved efficacy and specificity,
over globally inhibiting kinase and phosphatase catalytic
activity using existing pharmacology.

FIGURE 3. Signaling by kinases and phosphatases in postsynaptic excitation-transcription coupling. Anchored kinases and phosphatases finely tune
Ca2� influx through LTCCs. The calcium-activated phosphatase CaN dephosphorylates nuclear localization sequences on the transcription factors NFAT and
CRTC1, permitting their translocation to the nucleus. LTCC-calcium influx also activates CaMKII�/� that can phosphorylate and “lock” CaMKII� in a conforma-
tion that tightly binds Ca2�-CaM. Subsequent CaN-mediated dephosphorylation of the nuclear localization sequence of CaMKII� drives nuclear translocation
and delivery of Ca2�-CaM to CaMKIV, which phosphorylates and actives CREB. Green lines represent phosphorylation, and red lines represent
dephosphorylation.
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The small size of dendritic spines belies the elaborate role
they play in excitatory synaptic transmission and ultimately
complex behaviors. The cytoskeletal architecture of the spine is
predominately composed of actin filaments. These filaments,
which at first glance might appear simple, are also surprisingly
complex. They dynamically assemble into different structures
and serve as a platform for orchestrating the elaborate responses
of the spine during spinogenesis and experience-dependent
plasticity. Multiple mutations associated with human neuro-
developmental and psychiatric disorders involve genes that
encode regulators of the synaptic cytoskeleton. A major, unre-
solved question is how the disruption of specific actin filament
structures leads to the onset and progression of complex synap-
tic and behavioral phenotypes. This review will cover estab-
lished and emerging mechanisms of actin cytoskeletal remodel-
ing and how this influences specific aspects of spine biology that
are implicated in disease.

Dendritic spines are morphologically diverse, actin-rich pro-
trusions emerging from dendritic shafts that serve as the receiv-
ing sites for the majority of excitatory synaptic transmission in
the brain. First described over a century ago by Ramón y Cajal,
dendritic spines typically consist of a spine head, which can
range in size from 0.5 to 2 �m in length, and thin spine neck
(�0.2 �m thick) (Fig. 1). Their essential function is to compart-
mentalize biochemical and electrical signals in response to syn-
aptic activation (1). Dendritic spines are supported by an
underlying cytoskeleton that is almost exclusively composed of
actin filaments, which can be up to �200 nm long (2). Remod-
eling of this densely packed actin governs most, if not all, den-
dritic spine physiology. This includes spine formation and
maintenance, synaptic adhesion, receptor endocytosis and exo-
cytosis, and synaptic plasticity (Fig. 1). Further, the actin cyto-
skeleton drives dendritic spine turnover and morphological
changes that occur in vivo in response to experience (3). Finally,
aberrations in dendritic spine morphology and density are
linked to a variety of neurological disorders such as schizophre-
nia (SZ)2 and intellectual disability (ID) (4). Recent studies link

de novo mutations associated with increased risk of complex
psychiatric disorders such as SZ to genes encoding regulators of
the post-synaptic actin cytoskeleton (5) (see Fig. 3). Together
these findings strongly imply that proper maintenance of the
spine actin cytoskeleton is critical for spine functionality and
neuronal connectivity. This review will focus on the nuts and
bolts of actin dynamics in spines as well as recent develop-
ments in the modulation of the synaptic cytoskeleton in two
crucial dendritic spine processes whose disturbances are
linked with synapse pathologies: synaptic adhesion and syn-
aptic plasticity.

Dendritic Spine Actin Regulators

The cytoskeleton of the spine is a highly branched meshwork
of filamentous actin (F-actin) that is assembled from a pool of
monomeric actin (G-actin) (6). Before considering how actin
modifies many of the key functions of the dendritic spine, it is
important to first consider the essential actin regulatory pro-
teins that facilitate actin dynamics within the spine (Fig. 2). The
activity of these regulators is tightly modulated by Rho family
GTPases such as Rho, Rac, and Cdc42. These GTPases are
themselves regulated by a host of spine-enriched activators
(GEFs) and inhibitors (GAPs) that tune GTPase activity within
the spine in response to synaptic cues (reviewed in Ref. 7).
Mutations in spine-enriched GEFs (for example, kalirin-7 (8))
and GAPs (for example, WAVE-associated Rac GAP (WRP) (9,
10)) are associated with SZ and ID, implicating the local control
of Rho family GTPase activity and actin remodeling in essential
spine functions (Fig. 3). In order for dendritic spines to main-
tain a highly active cytoskeleton that is capable of responding to
adhesion molecules or neurotransmitter release, the actin cyto-
skeleton undergoes constant “treadmilling,” growing at the
“barbed end” of actin filaments and disassembling at the
“pointed end” of actin filaments (11) (Fig. 2). Actin regulators
can facilitate actin polymerization, promote their disassembly,
or stabilize filaments as part of this process.

Actin Filament Assembly

Elegant super-resolution microscopy of actin within spines
at basal states has shown that the majority of foci for actin
polymerization occurs at the tip and lateral regions (2). Three
factors within the spine promote actin filament assembly: the
actin-related proteins 2 and 3 complex (Arp2/3), formins, and
profilin.

Perhaps the most prominent of these is Arp2/3, a seven-
subunit protein complex that binds to the side of an existing
actin filament and drives nucleation of a new actin filament
at a 70° angle from the mother filament (12). Arp2/3 gener-
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ates a dense network of branched actin within dendritic
spines (Fig. 2), but to stimulate branched actin polymeriza-
tion, the Arp2/3 complex must be activated by one of its
nucleation-promoting factors (NPFs) such as N-WASP
(neuronal Wiskott–Aldrich syndrome protein), WAVE1, or
WASH (12) (Fig. 3). Ablating the expression of Arp2/3 acti-
vators such as WAVE1 leads to aberrations in spine mor-
phology as well as behavioral abnormalities (13, 14). The
Arp2/3 complex is essential for dendritic spine maintenance
and function such as promoting the treadmilling of the actin
cytoskeleton, morphological alterations in response to syn-
aptic activity, and behavior (15, 16).

A second class of actin assembly proteins important in
dendritic spines is the formin family, which is composed of
15 mammalian proteins (17). In contrast to the branched
actin created by the Arp2/3 complex, formins facilitate the
polymerization of linear actin filaments. Recent super-reso-
lution imaging reveals that spines are not smooth bulbous
structures, as they often appear in conventional light micros-
copy, but rather they contain fine, finger-like projections
from the spine head (18) (Fig. 1). These spine projections are
enriched in the formin family member, formin-like pro-
tein-2 (FMNL2), suggesting that it may be important for
these structures. Further work will be required to determine

the function of these spine protrusions and FMNL2 to spine
physiology.

Formins are also thought to play an important role in den-
dritic spine development by driving the formation of spine pre-
cursors such as dendritic filopodia. These filopodia are under-
studied, highly transient structures that emerge from dendrites
before spinogenesis (around day 9 in vitro in cultured hip-
pocampal neurons) (9). They lack the rounded spine head and
are thought to serve as the first contact sites between nascent
axonal boutons and dendrites during the development of the
synapse. Much (although not all) of the F-actin within dendritic
filopodia is unbranched (6), and studies knocking down the
formin mDia2 demonstrate that it is important for the actin-
dependent emergence of filopodia during this initial stage of
spine formation (19). The formin FMN2 may also be important
for either spine formation or maintenance. In mice, loss of
FMN2 leads to a 32% reduction in spines (20) and an age-re-
lated learning/memory deficit (21). This is particularly relevant
as homozygous truncation of FMN2 is associated with pro-
found human ID (20).

Finally, the assembly of actin by nucleators such as Arp2/3 or
formins requires a local pool of available G-actin (Fig. 2). Pro-
filin is a G-actin-binding protein that facilitates nucleotide
exchange (ADP to ATP), a switch that allows actin to polymer-
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FIGURE 1. Organization of distinct actin pools in dendritic spines. Shown is a schematic depicting the spatial organization of actin dynamics within different
regions of the spine. Two types of actin, Arp2/3-dependent (red) and formin-based actin (orange), are delineated. Regions of the spine referenced in the text,
including the synaptic zone, spine neck, and filopodial-like projections, are also labeled.
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ize more readily at the barbed end of the growing filament (17)
and is central to both dendritic spine development as well as
maintenance. Profilin also binds to both WAVE1 and
formins to enhance the local supply of actin during polymer-
ization (22, 23). The likely importance of profilin is highlighted
by findings that it is rapidly recruited to dendritic spines in an
activity-dependent fashion where it may facilitate their stabiliza-
tion (24). The recruitment of profilin to spines has also been
observed following behaviorally induced activity such as fear con-
ditioning (25).

Actin Filament Disassembly

Counterbalancing polymerization are the actin-depolymer-
izing factors (ADF)/cofilins (26), which sever actin filaments
(Fig. 2). This severing can lead to the creation of new barbed
ends for additional filament growth in addition to disassem-
bling F-actin. Cofilin-1 (also termed n-cofilin) is found in the
vertebrate brain and localizes to the post-synaptic density

(PSD, the protein-rich compartment within spines where neu-
rotransmitters are received from the pre-synapse) of dendritic
spines (27). Because cofilin is enriched at the tip of the spine, it
may be particularly relevant for the high rate of actin dynamics
within this region (2). Cofilin is tightly regulated by phosphor-
ylation at serine 3, which causes inactivation of cofilin by inhib-
iting its ability to bind F-actin (28). LIM kinase 1 (LIMK-1)
phosphorylates cofilin downstream of either Rac or Cdc42 (Fig.
3), and loss of LIMK-1 is associated with cognitive deficiencies
in Williams syndrome (29). Loss of LIMK-1 in mice leads to a
reduced phosphorylation of cofilin, altered dendritic spine
morphology, and enhanced long-term potentiation (LTP) (30),
suggesting that neuron-specific regulation of cofilin is critical
for actin homeostasis within dendritic spines. Further, a recent
genetic study showed that ADF/cofilin genes are associated
with anxiety (31). Specific roles of cofilin in dendritic spine
plasticity will be further explored below.
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(-)

Arp2/3 promotes actin polymerization to generate
branched actin, formins drive linear actin polymerization,
and cofilin and ADF mediated severing creates uncapped
barbed (+) ends for polymerization.

Profilin binds G-actin to promote 
ATP loading, allowing it to be  
polymerized more readily.
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G-Actin

Cofilin/
ADF
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FIGURE 2. The basics of actin dynamics in the dendritic spine. A, representative image of a dendritic section from a hippocampal neuron expressing
GFP-actin. Fluorescent signal is pseudo-colored for relative intensity ranging from low (blue) to high (red). Note that actin is highly enriched in spines protruding
from the dendritic shaft. B, schematic depicting actin turnover in dendritic spines and the proteins directly involved in its remodeling. Treadmilling of actin
between polymerized F-actin to monomeric G-actin at the barbed (�) versus pointed (�) end is indicated.
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Actin Filament Stabilization

Capping protein (CapZ) is a heterodimer of � and � subunits
that binds to the barbed ends of actin filaments to stabilize and
restrict their elongation (32) (Fig. 2). Capping protein is local-
ized in dendritic spines (6) and the �2 subunit has been shown
to be important for dendritic spine development and synapse
formation through shRNA knockdown (33). A second type of
actin capping protein, Eps8, further highlights the critical role
of capping proteins in dendritic spine plasticity. Eps8 (Fig. 3)
localizes to dendritic spines during chemical LTP (LTP induced
pharmacologically), and loss of Eps8 leads to reduced spine
enlargement and structural plasticity (34). Further, Eps8
expression may be reduced in patients with autism spectrum
disorder (ASD) (34).

The Actin Cytoskeleton and Synaptic Adhesion

Trans-synaptic adhesion molecules play a critical role in syn-
apse formation, adaptation, and maintenance through their
regulation of the actin cytoskeleton (Fig. 1). The large diversity
of adhesion molecules that mediate these contacts is generated
through multiple gene families and extensive alternative splic-
ing. The combinatorial effect of this diversity is thought to gen-
erate a sophisticated “chemo-affinity” code that specifies the
fine wiring of synaptic contacts. Here we will restrict our review

to the cadherins and how they modulate actin remodeling
based on recent studies and their potential association with
brain disorders in humans.

The Cadherin-Catenin Complex

Classical cadherins are homotypic transmembrane proteins
that are composed of an extracellular domain containing five
cadherin repeat sequences, a single transmembrane domain,
and an intracellular tail that anchors cadherins to the actin
cytoskeleton through catenins (�, �, and p120ctn family mem-
bers). Classical cadherins bind �-catenin, which localizes to
synapses similarly to N-cadherin and plays an important role in
dendritic spine formation (35) and excitatory synaptic trans-
mission (36) (Fig. 3). �-Catenins interact with the actin-binding
�-catenins and couple cadherins directly to F-actin under ten-
sion (37) (Fig. 3). �-Catenin is thought to relay activity-depen-
dent signals during structural plasticity to actin cytoskeleton
reorganization (38). p120 catenin binds to the juxtamembrane
region of N-cadherin, and loss of p120 catenin leads to reduced
dendritic spine density, loss of N-cadherin expression, and
reduced Rac1 activity with increased RhoA activity (39). The
loss of dendritic spine density is rescued by inhibition of RhoA,
suggesting that modulation of Rho family proteins by p120
catenin is sufficient for normal spine density. Finally, �-catenin

FIGURE 3. Actin signaling pathways and their association with brain disorders. Shown is a schematic of proteins involved in regulating the spine actin
cytoskeleton. The synaptic actin cytoskeleton is a common pathway in which mutations are associated with increased risk for brain disorders. Each protein
highlighted by yellow stars has a genetic mutation associated with ID, SZ, or ASD, each of which are indicated in parentheses. Finally, the dashed lines
surrounding the Arp2/3 complex and cofilin indicate the final points of signaling output for actin remodeling, both of which have been studied extensively
through knock-out mouse studies. Loss of Arp2/3 complex activity in the mouse forebrain mimics aspects of psychiatric conditions such as schizophrenia-
related disorders, whereas loss of cofilin is associated with decreased anxiety in mice. ROCK, Rho-associated kinase.
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is also found almost exclusively in neurons, and it regulates the
actin cytoskeleton through interactions with cortactin (40) and
p190RhoGAP (41) (Fig. 3). Although the cadherin-catenin
complex is important for coupling adhesion to actin under ten-
sion, the roles of actin tension in spine physiology are unclear.
Future imaging using newly developed FRET probes (42) will be
an exciting area to better understand the spatio-temporal cou-
pling of cadherin adhesion with tension during synaptogenesis
and synaptic plasticity. Mutations in both �-catenin and �-
catenin underlie forms of syndromic ID (Fig. 3), suggesting that
dysregulation of cadherin adhesion and potentially spine actin
tension have severe neurodevelopmental consequences rele-
vant to human health (43, 44).

N-cadherin

Perhaps the best-characterized cadherin at synapses is
N-cadherin, which is localized at perisynaptic sites (the area
around the PSD) flanking the area of transmitter release (45).
Dominant negative N-cadherin expression in neurons, which
blocks multiple classic cadherin adhesion molecules (N-cad-
herin, cadherin-8, and canherin-11), impairs spine morphogen-
esis and synapse formation (46, 47). N-cadherin engagement
during the transition between dendritic filopodia and spine
morphogenesis may serve to stabilize the actin cytoskeleton in
these nascent spines via myosin engagement and tension (48).
Interestingly, N-cadherin also interacts directly with the extra-
cellular portion of GluA2 (Fig. 3), which is recruited during
spine maturation. This interaction may be important for regu-
lating spine morphology in response to synaptic activity
through Rac1 and cofilin-mediated remodeling of the actin
cytoskeleton (46, 47, 49). N-cadherin can also couple to the
actin cytoskeleton through the scaffolding protein afadin (Fig.
3). Afadin is an actin-binding protein that colocalizes in syn-
apses with the GEF kalirin-7 (50, 51) and is critical for dendritic
spine structure and function (52).

Protocadherins

Perhaps the most compelling link between cadherins and
brain disorders, however, are the protocadherins (Fig. 3). Pro-
tocadherins are the largest subfamily of the cadherin superfam-
ily and are also heavily implicated in neurodevelopmental dis-
orders such as ID and ASD (53). The signaling mechanisms
linking the diverse protocadherins to the actin cytoskeleton in
neurons are still being worked out. Recent studies, however,
show that the protocadherins PCDH10 and PCDH19 directly
recruit the WAVE1 complex (54, 55). This interaction is medi-
ated by a WAVE complex-interacting receptor sequence
(WIRS) in the intracellular tail (56). Remarkably, the WIRS
motif appears to be present in at least 115 proteins, many of
which are adhesion molecules, including 24 protocadherins.
Interaction between the WIRS motif and the WAVE1 complex
may enhance the Rac1-mediated activation of Arp2/3, particu-
larly in the case of the protocadherins PCDH10, PCDH12, and
PCDH19.

Actin’s Role in Synaptic Plasticity Mechanisms

Once synapses have been formed through the assistance of
trans-synaptic adhesion receptors and signaling, dendritic

spines undergo rapid remodeling in response to patterns of
input from the pre-synapse (Fig. 1). Here we will focus on two of
these post-synaptic processes implicated in NMDA-type gluta-
mate receptor (NMDAR)-dependent hippocampal learning
and memory: LTP and long-term depression (LTD) (57). LTP is
a process in which periods of high frequency synaptic activity
lead to a long-lasting increase in the strength of a synapse. LTD
occurs after periods of low frequency synaptic activity lead to a
decrease in synaptic strength. Although LTP and LTD involve
many long-lasting changes at the receptor, signaling, and gene
expression levels, we will focus here on two of these alterations
that are modulated by actin remodeling and that occur in CA1
hippocampal dendritic spines. These are 1) electrophysio-
logical changes largely resulting from alterations in synaptic
AMPA-type glutamate receptor (AMPAR) density, and 2) mor-
phological changes in dendritic spine size or structural
plasticity.

AMPAR Trafficking and the Actin Cytoskeleton

AMPARs are ionotropic, excitatory glutamate receptors in
dendritic spines that underlie the majority of current altera-
tions during LTP and LTD in hippocampal CA1 synapses. The
first evidence to suggest that the actin cytoskeleton was impor-
tant for AMPAR localization came from studies in cultured
hippocampal neurons that were exposed to actin-depolymeriz-
ing drugs such as latrunculin A, which sequesters monomeric
actin. Loss of filamentous actin led to reduced AMPAR recep-
tors in dendritic spines (58), inhibition of LTP (59), and an
increase in AMPAR internalization (60). Although there is an
extensive body of research on this topic, for the sake of space,
we will focus our discussion on select actin regulatory proteins
recently implicated in AMPAR trafficking: cofilin, PICK1,
WASH/retromer, and oligophrenin-1.

Cofilin

As mentioned above, cofilin is a critical actin regulator,
which severs f-actin, simultaneously breaking it down while
creating barbed ends for polymerization. The current literature
suggests two roles for cofilin in regulating AMPARs: 1) regula-
tion of AMPAR diffusion/stabilization into the dendritic spine
synaptic zone (the portion of the spine immediately apposing
pre-synaptic transmitter release sites) and 2) exocytosis into the
perisynaptic zone of spines (61) (Fig. 1). Work in cultured
hippocampal neurons shows that activation of cofilin through
dephosphorylation is required for AMPAR surface recruit-
ment, suggesting that cofilin’s severing of the actin cytoskeleton
is critical for insertion of AMPARs into the synaptic membrane
(62). Further in vivo work using cofilin conditional knock-out
mice indicated that diffusion of AMPARs was diminished in the
extra-synaptic domains, whereas the overall membrane fluidity
remained unaffected (63). This suggests that cofilin has a recep-
tor-specific effect on AMPAR diffusion. Recent work examin-
ing AMPAR clustering using fluorescence recovery after photo-
bleaching of surface GluA1 at the spine found that AMPARs are
highly dynamic within the PSD, and the dynamics of AMPARs
are a result of constantly cycling actin (64). Interestingly, phar-
macological loss of actin by administration of latrunculin A did
not lead to rapid diffusion of AMPARs between the extra-syn-

MINIREVIEW: Actin Out: Regulation of the Synaptic Cytoskeleton

NOVEMBER 27, 2015 • VOLUME 290 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 28617



aptic and PSD compartments, suggesting that AMPARs are not
stabilized in the PSD by actin filaments contrary to previous
belief (64). Taken together, these data suggest that constant
actin treadmilling facilitated by cofilin is critical for recruit-
ment of AMPARs to the extra-synaptic zone and PSD, but that
AMPARs are not anchored in the PSD by actin.

PICK1

Human protein interacting with C kinase 1 (PICK1) is a scaf-
fold protein widely expressed in cells, including neurons (65).
PICK1 was first identified as a binding partner for PKC (66) and
was subsequently shown to associate with the AMPAR receptor
subunits GluA2 and GluA3 (65) as well as to interact directly
with actin and the Arp2/3 complex (67). Thus, PICK1 provides
a potential link between AMPARs and the actin cytoskeleton
(68).

Three domains of PICK1 are believed to be critical for bind-
ing these different factors: an N-terminal PSD-95/DlgA/ZO-1
(PDZ) domain, a central Bin/amphiphysin/RVS (BAR) domain,
and an acidic C-terminal tail. The PDZ domain binds to PKC
(69), as well as several neuron-specific proteins such as GluA2
(70). The BAR domain of PICK1 binds actin, and the acidic
C-terminal tail domain binds to and inhibits the Arp2/3 com-
plex in vitro (Fig. 3). Structure-function studies of PICK1 sug-
gest that inhibition of the Arp2/3 complex is important for
AMPAR internalization in cultured neurons downstream of
NMDA receptor activation (67). Although this work strongly
supports a mechanistic link between PICK1, AMPAR traffick-
ing, and actin cytoskeleton remodeling, recent conflicting in
vitro analysis of PICK1 and Arp2/3 suggests that PICK1 does
not regulate Arp2/3 activity (71). Thus, although PICK1 clearly
appears to be important for AMPAR trafficking, additional
work is required to resolve conflicting data regarding the rela-
tionship between PICK1 and the Arp2/3 complex in the context
of AMPAR trafficking in spines.

The WASH-Retromer Complex

Endosomal protein sorting is a process by which endocyto-
sed proteins are sent to one of three possible destinations: the
lysosome for degradation, the cell surface for recycling, or the
trans-Golgi network. Because of the rapid turnover of AMPARs
in the dendritic spine, this process is a particularly important
feature, and endosomes have been thought to play a critical role
in synaptic responsiveness for many years (57). Recently,
branched actin, the Arp2/3 complex, and its endosomal regu-
lator, the WASH complex, have been linked to AMPAR
trafficking.

WASH is a recently discovered endocytic compartment NPF
(72) that binds to lipids and is ubiquitously expressed. There are
five proteins in the WASH complex: SWIP (also known as
KIAA1033), strumpellin, FAM21, WASH1, and CCDC53 (Fig.
3). As proteins are sorted, the WASH complex is thought to
provide endosomal membrane domains through the polymer-
ization of actin into which different proteins can be organized
(73) (Fig. 1). WASH complex is recruited to endosomes
through a second protein complex, retromer (74). VPS35, a
component of the retromer complex, localizes to dendritic
spines, and expression of a VPS35 loss-of-function mutation

leads to altered AMPAR surface expression and synaptic recy-
cling and is also linked to familial parkinsonism (75). In another
recent study of the role of retromer in neurons, it was found
that retromer-associated endosomes are found throughout
dendrites, that they contain receptors such as AMPARs and
NMDARs, and that the endosomes provide a local source of
shaft-directed receptor insertion (76). Mutations within the
WASH complex member SWIP cause a form of ID (77), further
suggesting that the neural function of this complex may be
important for synaptic plasticity. However, further work is
needed to functionally test the consequences of this mutation
in SWIP.

Oligophrenin-1 (OPHN1)

AMPAR trafficking is also modulated by the Rho-GAP
OPHN1, which inactivates RhoA (78) (Fig. 3). OPHN1 forms a
complex with GluA1/2, and its knockdown leads to a significant
reduction in LTP. This effect on LTP is likely due to altered
AMPAR trafficking as overexpression of OPHN1 stabilizes the
synaptic surface levels of GluA1/2. Furthermore, blocking
GluA1/2 internalization occludes the effect of OPHN1 knock-
down on AMPAR-mediated synaptic transmission. The regu-
lation of AMPAR by OPHN1 is dependent on the Rho-GAP
domain of OPHN1, and inhibition of the RhoA effector, Rho-
associated kinase (ROCK), affected surface GluA1/2 stability
similar to OPHN1 overexpression. OPHN1 is recruited to
spines during NMDAR-dependent LTP, suggesting that it
likely forms a positive feedback loop by inhibiting Rho-ROCK
signaling to stabilize surface AMPAR levels. Interestingly, the
effect of OPHN1 is also likely dependent on its ability to interact
with the scaffolding protein Homer1b/c (79). Disruption of this
interaction reduces the positioning of the endocytic zone
within spines and impairs the recycling of AMPARs important
for basal transmission and LTP. Together, these data suggest
that OPHN1 operates in a multifaceted manner to coordinate
actin cytoskeletal remodeling and endocytosis mechanisms in
spines. The ability of OPHN1 to influence glutamate receptor
trafficking may be one important clue into the mechanisms
underlying how the loss of OPHN1 leads to ID in humans (80).

Structural Plasticity of Spines Associated with LTP and
LTD

The first link between structure and function of dendritic
spines was made when Ramón y Cajal hypothesized that
changes in dendritic structure could be the mechanism behind
information storage. Studies in the mid-1970s showed that syn-
aptic activation increases spine volume and that these morpho-
logical changes persisted long-term (81). This change in spine
size is associated with an increase in spine AMPAR number
(82), synaptic strength (83), and PSD area (84). Spine structural
plasticity is an actin-dependent process and is linked to func-
tional changes associated with LTP and LTD in spines (85). It is
well established that NMDAR activation triggers calmodulin
kinase II (CaMKII) activation through calcium influx (Fig. 3).
CaMKII activity then leads to downstream activation of Rho-
GTPases such as Cdc42 and Rac via GEFs, triggering activation
of NPFs and cytoskeleton reorganization that results in mor-
phological changes of the dendritic spine (86).
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Actin Dynamics during Structural Plasticity

The F-actin of the dendritic spine is divided into three sub-
populations based on rate of turnover: the tip of the PSD has
highly dynamic actin filaments, the base of the spine has largely
stable actin filaments, and the central “spine-enlargement” pool
has actin filaments whose dynamics are altered by synaptic
activity (87) (Fig. 1). Further studies show that activation of
F-actin contained within the central enlargement pool is depen-
dent on CaMKII activity and enhanced during LTP (88). Inter-
estingly, this rate of turnover is also subdomain-specific: low at
perisynaptic endocytic zones and faster at filaments near the
PSD (2). Regardless of zone, actin filaments treadmill constitu-
tively, with filament lifetimes lasting less than 17 min (87).
Interestingly, although actin remodeling constantly occurs
under basal conditions, F-actin content in spines resulting from
synaptic plasticity can be long-lasting. Increased actin density
in dendritic spines is seen in vivo for up to 5 weeks following
electrical LTP induction (89).

Arp2/3 Complex and the Rho-GTPases

As discussed above, the Arp2/3 complex is the essential fac-
tor that creates branched actin filaments in spines. Conditional
knock-out of the Arp2/3 complex shows that its activity is crit-
ical for the turnover of actin in spines, dendritic spine mainte-
nance, and spine structural plasticity (15). Furthermore, mice
lacking Arp2/3 activity in forebrain exhibit classic endopheno-
types associated with neuropsychiatric disorders such as SZ-
related disorders (16) (Fig. 3). The Arp2/3 complex is activated
downstream of two Rho-GTPases that are present in the den-
dritic spine: Cdc42 and Rac (90) (Fig. 3). A recent study of
Cdc42 using conditional knock-out mice showed that Cdc42 is
activated in the spine during the induction of structural LTP
and that it is essential for structural plasticity and remote mem-
ory recall (91). Directly downstream of Cdc42 and Rac are the
NPFs N-WASP and WAVE1, respectively (90) (Fig. 3).
Although these NPFs are the established direct activators of the
Arp2/3 complex, their temporal and spatial dynamics have yet
to be fully explored during structural plasticity. Loss of
WAVE1, however, enhances LTP, impairs LTD, and alters the
morphology of synapses and a wide range of behaviors, includ-
ing learning and memory (92, 93).

Cofilin

Actin severing by cofilin is another important mediator of
structural LTP and LTD. There are three highly conserved cofi-
lin genes with differing expression patterns: m-cofilin (muscle),
n-cofilin (non-muscle), and ADF. Early in vitro studies linked
ADF/cofilin phosphorylation to LTP and spine enlargement
(94), whereas ADF/cofilin dephosphorylation was connected
with LTD and spine shrinkage (95) through actin cytoskeletal
remodeling. Further, genetic loss of n-cofilin leads to an
increase and enlargement of spines in vivo as well as impair-
ment of reward-induced and fear-conditioned learning (63).
Together, these results suggest a model where spine expansion
is mediated by reduced cofilin activity and spine volume loss is
facilitated by increased cofilin activity. This role of cofilin in
structural LTD or spine shrinkage was recently evaluated in a
pharmacological study. The authors found that cofilin activity

is required for dendritic spine maintenance and that cofilin is
inhibited from severing actin during LTD (96), contradicting
the current model. The role of cofilin during LTP has also been
recently evaluated by another study (97) where the authors
demonstrate that cofilin is recruited early in LTP, and the rate
of cofilin turnover decreases as cofilin interacts with F-actin.
This study provides a new regulatory pathway for cofilin during
structural LTP, which suggests that instead of cofilin activity
being down-regulated, cofilin in fact may facilitate structural
LTP. Together, these studies indicate that cofilin activity is
important for both LTP and LTD and that more work is needed
to clearly understand cofilin recruitment and regulation of
activity mechanisms during these processes.

Spine Neck Plasticity

Although most studies of spine structural plasticity have
focused on the spine head, super-resolution imaging also sug-
gests that morphometric changes, which are associated with
LTP, occur in the spine neck (98). Following chemical LTP,
spine neck lengths decreased by an average of 25% and neck
widths increased by 30%. These structural changes in spine
necks occurred concurrently with spine head expansion.
Because the neck links the spine with the rest of the neuron, this
form of plasticity may provide a novel mechanism for morpho-
logical regulation of both biochemical diffusion and electrical
filtering. Moreover, spine neck plasticity may be important for
regulating actin within the spine. For example, actin fibers are
reported to be released from the spine head through the neck
into the dendritic shaft following LTP, particularly in spines
that fail to maintain spine head enlargement (87) (Fig. 1). As
super-resolution microscopy is adopted more widely, it will be
important to better understand the regulatory factors that con-
trol spine neck dynamics. Although actin may play a role, other
cytoskeletal components such as septins could also influence
neck dynamics (99, 100).

Conclusion

The signaling pathways operant to the remodeling of the
dendritic spine actin cytoskeleton within the context of synap-
tic physiology are beginning to emerge. Furthermore, recent
discoveries such as the WASH complex, direct links between
WAVE/Arp2/3 to adhesion via the WIRS motif, and spine neck
plasticity are likely to drive the field in new directions, provid-
ing a more complete picture of how spine actin signaling mod-
ulates spine physiology. This review has also highlighted mul-
tiple links between neurodevelopmental and psychiatric
disorders and the regulation of spine actin (Fig. 3). The emerg-
ing consensus is that signaling to the actin cytoskeleton in
dendritic spines is a commonly disrupted pathway, whose
dysfunction greatly increases the risk of these disorders.
Future work is needed to bridge our knowledge gaps between
gene mutations relevant to the synaptic cytoskeleton, how
they impact synaptic development and physiology, and the
resultant neural circuit abnormalities driving disorder-rele-
vant endophenotypes. Advances in mouse genetics (CRISPR
(clustered regularly interspaced short palindromic repeats)
genome editing), imaging (particularly single spine fluores-
cence lifetime imaging (FLIM)/FRET), synaptic proteomics
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(quantitative rather than qualitative), and circuit level
manipulations (viral tracing, optogenetics) promise to reveal
the interplay between mutations affecting the synaptic cyto-
skeleton and behavioral endophenotypes.
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Emerging evidence indicates that protein synthesis and deg-
radation are necessary for the remodeling of synapses. These
two processes govern cellular protein turnover, are tightly reg-
ulated, and are modulated by neuronal activity in time and
space. The anisotropic anatomy of the neurons presents a chal-
lenge for the study of protein turnover, but the understanding of
protein turnover in neurons and its modulation in response to
activity can help us to unravel the fine-tuned changes that occur
at synapses in response to activity. Here we review the key exper-
imental evidence demonstrating the role of protein synthesis
and degradation in synaptic plasticity, as well as the turnover
rates of specific neuronal proteins.

The human brain is composed of a trillion neurons with
complex and intricate arbors, which are interconnected by syn-
apses (1). Synapses are highly dynamic in number and shape as
a consequence of the continuous remodeling of neural circuits.
A change in synaptic transmission elicited by neural activity is
collectively called “synaptic plasticity,” and learning and mem-
ory rely, at least in part, on this process. Synapses are made up of
proteins, including receptors for neurotransmitters, scaffolding
molecules, and signaling molecules. All proteins have a finite
lifetime: they are synthesized and degraded continuously to
maintain cellular function and viability. This continuous pro-
cess is called “protein turnover.” However, why is protein turn-
over important for cells? Even when the cells are in a basal state,
the protein pool is dynamic and the coordination between pro-
tein synthesis and degradation maintains a steady-state level of
proteins that is constantly renewed (2). Protein turnover is not
only important to maintain protein concentrations in the cell,
but also to allow for changes. Modulation of the proteome is
necessary for most cellular responses, involving modifications
in general or specific protein turnover (3, 4). Neurons also have
the ability to modulate and adjust their proteome in response to
specific cues, for example, synaptic remodeling in response to
patterns of action potentials in neurons.

One complication of protein turnover in neurons is that syn-
apses can be located up to hundreds of microns from the cell
body. Where are proteins synthesized and degraded? Are pro-
teins transported over the long distance from the soma to den-
drites or axons, and if so, how do they reach their specific loca-
tion within the intricate axonal and dendritic arbors. In fact, to
overcome these challenges, neurons have very effective trans-
port mechanisms to deliver proteins to remote regions of axons
or dendrites; this has been recently reviewed in Refs. 5 and 6.
Moreover, some proteins, such as receptors or scaffolding pro-
teins, are in continuous movement in and out of the synapse
with rapid rates (reviewed in Refs. 7 and 8). In addition to pro-
tein movement, neurons use local translation and degradation
in dendrites and axons, allowing for a fine-tuned local protein
turnover. Here we present an overview focused on the role of
protein synthesis and proteasomal degradation, two main path-
ways controlling protein turnover, and how these two processes
might work together to achieve neuronal plasticity. The role of
autophagy in protein degradation is not discussed here due to
space limitations.

Local Computational and Cell Biological Units

To understand the problem of regulating synaptic protein
turnover in response to synaptic activity, it is necessary to know
which neuronal locations process information and possess the
machinery for protein turnover, and then study protein turn-
over within those regions. Within dendrites, individual spines
are the sites of excitatory synapses. Nevertheless, recent
advances allowing for the stimulation of individual synapses
have shown that dendritic branches and the associated syn-
apses can be independently regulated by synaptic activity (9,
10). Thus, the dendritic branch and its associated cluster of
synapses may represent the fundamental computational unit
for neurons. From this, one might predict that the turnover of
some proteins changes only when needed by specific branches
or an activated group of synapses within them. This is paralleled
by cell biological studies that have documented the localization
of both the protein synthesis machinery and the ubiquitin pro-
teasome system (UPS)3 component in dendrites. In addition,
recent high resolution in situ hybridization data indicate that
mRNA molecules are distributed in local domains, along the
proximal-distal dendritic axis (11). These data suggest a local
sharing of protein synthesis and degradation machinery within
the dendrite, giving to dendrite branches autonomy for the reg-
ulation of the protein turnover. Thus, to understand protein
synthesis or degradation in response to neuronal activity, the
best approach would be to study separately the dendrites/axons
and soma, and ideally study in situ the activated clusters of* This is the fourth article in the Thematic Minireview series “Molecular Mech-
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synapses in comparison with non-activated synapses. This
approach is becoming more feasible with advances in micros-
copy, protein labeling, and local synaptic activation techniques.

Local Protein Synthesis

The first evidence for dendritic translation in response to
neuronal stimulation comes from the work of Feig and Lipton
in 1993 (12). These authors applied electrical stimulation
together with a muscarinic acetylcholine agonist (carbachol) to
hippocampal slices and detected an increase in the incorpora-
tion of [3H]leucine after 3 min, although there was no change in
synaptic transmission. In 1996, Kang and Schuman (13) discov-
ered that local protein synthesis in hippocampal slices is neces-
sary for synaptic plasticity induced by BDNF, and unlike other
forms of plasticity, BDNF-induced plasticity requires protein
synthesis. These two pioneering studies have been supported
by several others confirming the role of protein synthesis in
plasticity; for example, serotonin-induced long term facilitation
(LTF) (similar to long-term potentiation, or LTP, in mammals)
of sensory motor synapses in the marine mollusk Aplysia cali-
fornica is protein synthesis-dependent (14), as well long-term
depression (LTD) dependent of metabotropic glutamate recep-
tor (mGluR) in hippocampal neurons (15). In addition, the
blockade of spontaneous release of neurotransmitter by the
presynaptic terminals induces translation in the postsynaptic
terminal to enhance the responsiveness to the decreased input
(homeostatic plasticity) (16, 17). Collectively, these studies pro-
vide strong evidence that protein synthesis can be modulated
by various neuronal stimuli. The postsynaptic spine is bio-
chemically isolated from the dendrite by the spine neck, and the
molecular transport across the neck is restricted and modu-
lated by neuronal activity (18). Within the relatively small vol-
ume of the spine, many chemical reactions take place including
protein translation and degradation. Supporting the idea that
proteins can be translated in spines, polyribosomes and smooth
endoplasmic reticulum have been found in some spine heads
(19). Furthermore, ultra-structural studies performed by
Ostroff et al. (20) found that LTP induction in hippocampal
slices increased the percentage of spines containing polyribo-
somes. Strikingly, the postsynaptic densities (PSDs) in spines
containing polyribosomes were larger after LTP stimulation,
suggesting that local translation serves to promote the growth
of the PSD. Interestingly, another study demonstrated that
NMDA receptor activation promotes the recruitment and
sequestration of proteasomes into spines (21). These data sug-
gest that protein translation and degradation within dendrites
and spines could effect rapid changes in protein turnover. Thus
far, it has been difficult to observe protein translation directly in
spines. There is, however, ample evidence for specific protein
synthesis in synaptosomes (biochemical preparations of
detached synaptic spines containing presynaptic terminals) and
synaptoneurosomes (subcellular preparation enriched in pre-
synaptic structures with attached postsynaptic densities).
These preparations retain a resting membrane potential and
release neurotransmitters when electrically stimulated (22).
Using these synaptic preparations, the mRNAs present at the
synapses have been described (23, 24), and an increase in spe-
cific mRNAs after neuronal activation has been demonstrated

(25). Furthermore, CaMKII� (26, 27), PSD95 (27), Arc (28), and
several other proteins are synthesized in these synaptic prepa-
rations, and their translation is modulated by stimulation. In
line with this, a proteomic study in synaptosomes from the
squid optic lobe after metabolic labeling with [35S]Met showed
de novo synthesis of 80 protein species, including chaperones
such as HSP70 and mitochondrial and cytoskeletal proteins
(29). This study expands the protein families translated in syn-
aptic compartments beyond exclusively synaptic proteins or
neuron-specific proteins. Nevertheless, the role of these pro-
teins in synaptic function has not been studied. The develop-
ment of new techniques improving the isolation of synapto-
somes will contribute to a more precise study of their protein
content and the newly synthesized proteins in response to dif-
ferent neuronal stimulus (30). Altogether, these findings sup-
port the notion that local protein synthesis has a role in synaptic
plasticity, but how is this local translation regulated in response
to synaptic activity? The localization of mRNAs is thought to
play a major role in the regulation of local translation (for exam-
ple, see Ref. 31). One important feature of the mRNA is its
ability to be spatially localized; this feature derives from
untranslated information in the 3� or 5� ends where multiple
regulatory elements are located. The transport, localization,
stabilization, and translation of the mRNA are often regulated
by these elements (32). Recent studies with high resolution in
situ hybridization data and deep sequencing show that mRNA
molecules are distributed in local domains, and more than 2500
mRNAs can be detected in the neuropil (11). In addition to all
these regulatory layers associated with the mRNA, there is a
regulation in response to activity at the level of translation fac-
tors; some of the best known are eEF2 and its kinase eEF2K,
(33–35). Phosphorylation of eEF2 is increased in response to
NMDA receptor (NMDAR) activation; this inhibits the elonga-
tion of most of mRNAs but increases the elongation of some
dendritic mRNAs such as Arc or CaMKII� (36, 37). Other
translation factors with a putative role in synaptic plasticity are
eIF2� (38, 39) and 4EBP (40). The regulation of protein synthe-
sis in response to synaptic activity is extensively studied, and is
a tightly regulated process able to adjust protein synthesis in
response to specific neuronal stimuli.

Local Protein Degradation

Protein degradation is one crucial component governing
protein turnover. The UPS is an important mechanism for
cytosolic protein degradation (41). In HeLa cells, the proteins
that comprise the proteasome represent 0.6% of the total cellu-
lar proteins (42). Although the study of protein degradation by
the UPS in neurons has gained attention during the last several
years, the mechanisms underlying proteasome-mediated deg-
radation, local polyubiquitination, and the influence of neuro-
nal activity on local or global protein degradation remain poorly
understood. There is, however, increasing evidence for a role of
the UPS in neuronal development, neurotransmitter release,
synapse vesicle recycling, and learning.

The UPS pathway is composed of several enzymes including
the proteasome, ubiquitin-activating enzymes (E1), ubiquitin-
conjugating enzymes (E2), ubiquitin-ligase enzymes (E3), and
deubiquitinases. All these enzymatic activities give to the path-
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way a fine-tuned precision for the temporal and spatial regula-
tion of protein degradation. However, is this pathway regulated
by synaptic activity, and if so, which steps of the pathway are
regulated? Indeed, in vivo studies have shown that inhibition of
the proteasome has consequences for learning. In rats, bilateral
infusion of the proteasome inhibitor lactacystin (administered
4 –7 h after training but not after 10 h) to the CA1 region of the
hippocampus caused full retrograde amnesia for a one-trial
inhibitory avoidance training, indicating that the ubiquitin-
proteasome cascade is crucial for long-term memory (LTM) in
the behaving animal (43). Likewise, incubation of rat hip-
pocampal slices with proteasome inhibitors decreased LTP at
the Schaeffer collateral-CA1 synapses (44). There is also evi-
dence for a role of deubiquitinating enzymes in learning. One
example that, interestingly, involves transcription is Ap-uch
(an ortholog of the mammalian deubiquitinase UCH-L1). Dur-
ing LTF in A. californica, the transcription factor CREB
(cAMP-response element-binding protein) is activated, stimu-
lating the transcription of Ap-uch, and this increases the deg-
radation of protein kinase A regulatory subunits, leading to an
increase in the catalytic activity of PKA that is responsible for
LTF maintenance (45, 46). Similarly, in mice, UCH-L1 inhibi-
tors reduced LTP in hippocampal slices (47). Another example
of a deubiquitinase enzyme that regulates plasticity comes from
the Usp14ax-J mice, defective in the Usp14 deubiquitinase.
These mice have defects in hippocampal short-term synaptic
plasticity but not in long-term plasticity (48). In addition, E3
enzymes have also been related to plasticity. Hundreds of E3
ligase enzymes have been identified. These enzymes provide
specific ubiquitination for particular proteins, representing one
of the most complex regulatory steps in the pathway. One
example are the APC/C ligases; these multisubunit RING finger
E3 ligases comprise 12 different subunits, and some of them
target the APC/C to different substrates. The cytosolic APC/C-
Cdc20 has a role in dendritic morphogenesis (49), and the
nuclear APC/C-Cdh1 regulates axonal growth (50). Further-
more, APC/C-Cdh1 is required for associative fear memory and
LTP in the amygdala in mice (51), and for mGluR-dependent
LTD in the hippocampus (52). Another example is the E6-AP
ligase (Ube3A). Mutations in this protein are associated with
deficits in contextual learning (fear conditioning) and with
decreased LTP (53). Interestingly, this ligase is associated
with the neurological disorder known as Angelman syndrome
(54). E6-AP ligase mediates the polyubiquitination of Arc, and
its disruption increases Arc expression and thereby decreases
the number of AMPA receptors at synapses (55). In addition,
regulation of ubiquitination is sometimes also regulated by
other post-transcriptional modifications such as phosphoryla-
tion; this is the case for the actin-binding protein SPAR. The
degradation of this protein is regulated by an elegant mecha-
nism, which involves activity-dependent induction of a kinase
that phosphorylates SPAR, promoting its polyubiquitination
and subsequent degradation, culminating in the loss of spines
(56). Finally, in the last step of the pathway, the proteasome
itself, we find another layer of regulation that is also critical for
local control of the synaptic proteome. Recent findings show
that the proteasome complex is regulated by at least four differ-
ent mechanisms: by its subunit composition, its proteolytic

activity, its location within the cell, and its interaction with
other proteins, all of which are regulated by neuronal activity.
These facts were demonstrated by several studies; among them
Tai el at. (57) found that the treatment of neurons with the
glutamate receptor agonist NMDA causes disassembly of the
26S proteasome, decrease in its proteolytic activity, and disso-
ciation from the proteasome of the E3 ligases UBE3A and
HUWE1, which in non-stimulated conditions co-sediment
with proteasomes. In contrast, a different study showed that
after the blockade of neuronal activity in cultured hippocampal
neurons using tetrodotoxin (a blocker of the voltage-gated
sodium channels), there is a decrease in the degradation rate of
the chimeric proteasome substrate GFPu, whereas an increase
in neuronal activity (using bicuculline, a competitive antagonist
of GABAA receptors) increases the degradation of GFPu (58).
Interestingly, proteasome inhibitors block spine outgrowth in
response to glutamate, through a mechanism that involves the
phosphorylation of the proteasome by CaMKII� (59). Further-
more, the sequestration of the proteasome in spines is con-
trolled by neuronal activity through CaMKII�, which also reg-
ulates its proteolytic activity (21, 60). These data suggest a very
tight regulation of proteasome degradation in response to the
activation�inhibition of specific neurotransmitter receptors
that has both early and late components.

Although it is known that a large amount of protein degra-
dation occurs via the action of the proteasome pathway, how
degradation itself is regulated by activity remains an interesting
question. For example, Ehlers (61) found that treatment of neu-
rons with activity blockers resulted in a decrease of �50% in the
polyubiquitinated proteins in PSD fractions, whereas treatment
of neurons with activity inducers results in an increase in polyu-
biquitinated proteins. Nevertheless, only a handful of proteins
have been described to change their polyubiquitination status
in response to neuronal activity, including scaffold molecules
such as Shank, AKAP79�150, GKAP, and PSD95 (61, 62). In
conclusion, more extensive studies identifying proteasome
substrates in the context of neuronal activity would contribute
to a better understanding of the role of proteasome pathway in
synaptic plasticity. Something more complex would be the
investigation of the regulatory elements of the pathway in a
spatiotemporal context. For example, where within the neuron
are specific proteins ubiquitylated and degraded? Also, a more
detailed knowledge of the proteasomal subunit composition
and its processing state is desirable. For example, does the pro-
tein composition of the proteasome and tightly associated pro-
teins change depending on its location within neurons? Is the
proteasome more active in specific locations? Are the protea-
somal activity and subunit composition modulated by synaptic
plasticity? In this context, a novel technique that allows for the
detection and quantification of conformational states of pro-
teasomes in situ using electron cryotomography with a Volta
phase plate could be useful (63). Using this technique, the
authors found that in intact hippocampal neurons, only 20% of
the 26S proteasomes are engaged in substrate processing, sug-
gesting that the capacity of the proteasome is only partially used
in the conditions of this study. This technique could also be
used to study structural changes in the proteasome in response
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to activity (63). In conclusion, and similar to protein synthesis,
protein degradation is strongly regulated in neurons.

Coordination of Protein Synthesis and Degradation

As explained above, it is clear that local protein synthesis and
local protein degradation play a role at synapses, implying that
crosstalk between these two systems must occur to maintain
protein concentrations in the appropriate range. Indeed, the
co-application of proteasome blockers and translational inhib-
itors restores late LTP, which is otherwise blocked when these
inhibitors are applied separately. This suggests that a balance
between protein synthesis and degradation is needed for late
LTP to occur (64), but the underlying molecular mechanisms
are not known. However, it is clear that the UPS is responsible
for the degradation of many proteins that are essential for pro-
tein synthesis; consequently, many steps of protein synthesis
are controlled by the UPS (65, 66). Intriguingly, some of the
proteins encoded by the immediate early genes (IEG) with a
role in neuronal plasticity, such as Arc (67) or the transcription
factor ApC/EBP (68), are degraded by the UPS under specific
conditions. Furthermore, Egr1, another IEG protein, regulates
the expression of some of the proteasome subunit genes (69).
The UPS also has a role in RNA regulation because some RNA-
binding proteins (RBPs) are degraded through this pathway;
these proteins have diverse functions, such as the regulation of
mRNA stability, splicing, or transport. One example is the RBP
FMRP (fragile X mental retardation protein), a regulator of
dendritic translation that is degraded by the proteasome (70).
Similarly, Mov10 (homolog of the Drosophila DExD box pro-
tein Armitage), a component of the RISC (RNA-induced silenc-
ing complex), is degraded in response to NMDA treatment by
the UPS, and its degradation relieves translational silencing of
specific mRNAs such as CaMKII�. As a consequence, after
NMDA stimulation, there is a 30% reduction in the translation
of the CaMKII� in neurons treated with a proteasome inhibitor
as compared with neurons treated only with NMDA (71).
Finally, mRNA stability is also regulated by the UPS. There are
RBPs that bind to AU-rich elements, which control mRNA sta-
bility. Interestingly, 5– 8% of human genes encode transcripts
that contain these elements. One example of an AU-rich ele-
ment-containing mRNA is the mRNA encoding for ApC�EBP
protein; this protein plays a role in synaptic plasticity, and one
of the RBPs that regulates ApC�EBP mRNA stability is ApAUF1
(72). Some of the isoforms of mammalian AUF1 are well estab-
lished proteasome substrates (73). As such, the UPS is poten-
tially able to regulate the ApC/EBP mRNA and protein. Taken
together, these data point to a clear coordination between pro-
tein synthesis and protein degradation, but how these two pro-
cesses are co-regulated by synaptic activity remains to be
elucidated.

Protein Turnover

As mentioned above, protein synthesis and degradation
define protein turnover rates. Interestingly, different protein
turnover rates have been observed in different tissues (74). For
example, one study found slower protein turnover rates in the
brain with an average lifetime of 9 days, whereas the average
protein lifetime is 3 days in liver and 3.5 days in blood (75).

These differences are not only due to stable proteins that are
uniquely expressed in the brain, but also to the fact that some
ubiquitous proteins have longer half-lives in the brain, by a
factor of 2–5. This is the case for a number of subunits of the
proteasome, for which average half-lives of 8 and 4 days have
been measured in brain and liver, respectively (75). Taken
together, these data suggest a special protein turnover mecha-
nism in the brain, as compared with other tissues. Additionally,
the studies described in the previous sections suggest that some
proteins may display different turnover rates depending on
their location in the neuron, and/or depending on the activa-
tion state of the neuron. Furthermore, the turnover rates of
some proteins may differ among synapses or dendritic
branches, as a function of their activation state. In this context,
post-translational modifications or protein-protein interac-
tions can have a role in the differential modulation protein sta-
bility. This idea is supported by some apparent discrepancies in
the half-life of the same protein, depending on the cellular frac-
tion studied (Table 1). One good example is the synaptic pro-
tein PSD95 with a reported half-life in total protein extracts of
�88 h (76), and �8 h in synaptic fractions (61). In this context,
it is important to note that the techniques used in these studies
were different, and the time of protein labeling was also differ-

TABLE 1
General protein half-lives in neurons, and specific protein half-lives for
endogenous neuronal proteins

* In this study, synaptic half-lives show degradation and protein movement out of
synapse.
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ent (7 days versus 12 h); this could result in the labeling of
different populations of PSD95 with distinct turnover rates (for
a review of strategies for turnover analysis, see Ref. 77). Inter-
estingly, another study found a slower GluR1 turnover rate after
synapse formation: in mature neuronal cultures (11 DIV),
GluR1 has a half-life of �31 h; in contrast, in neurons cultured
for 4 days, the reported GluR1 half-life is �12 h (78). The occur-
rence of different turnover rates for the same protein among
different cellular compartments has been recently demon-
strated in HeLa cells, comparing the nucleus, nucleolus, and
cytoplasmic protein turnover rates (79). In this study, ribo-
somal proteins exhibited a fast turnover in the nucleolus (6 h)
and slower turnover in the cytoplasm (�30 h); the authors also
found differences in the turnover rates of some proteasomal
subunits.

Additionally, the fate of some molecules can also be depen-
dent on their age. For example, in a recent study, it was dem-
onstrated that PSD95 proteins less than 6 h old are found in
immature synapses, whereas they are less abundant at mature
spines where older populations of PSD95 are preferentially
found. Therefore, new molecules of PSD95 not only replace the
older ones, but also are located at different places, and may have
different functions in different areas (80).

Consequently, a systematic comparison of the protein turn-
over rates in synaptic preparations versus total protein extracts
from neurons at different maturity states could contribute to a
better understanding of how this process is regulated in neu-
rons. Furthermore, in recent years, new and exciting alterna-
tives for the measurement of protein turnover in situ have been
developed. An interesting example is the new microscopy tech-
nique denominated COIN (correlated optical and isotopic
nanoscopy) (81), which detects newly synthesized proteins
labeled with [15N]leucine. Using this procedure, protein turn-
over in several neuronal organelles was measured (15N/14N
ratio). Interestingly, the authors focused on the presynaptic
compartment and found some synapses with stronger protein
turnover as compared with the neighboring axon, and clusters
of bassoon molecules with different incorporation ratios of
[15N]leucine, indicating the coexistence in the synaptic area
of protein groups with low and high turnover rates (81). A
more established technique developed by Schuman and col-
leagues (82), fluorescent non-canonical amino acid tagging
(FUNCAT), consists of the tagging of proteins with non-canon-
ical amino acids and subsequent detection by fluorescent label-
ing in situ. This technique has been successfully applied to pri-
mary neurons, organotypic slices, and in vivo in larval zebrafish
(82, 83). Combining FUNCAT labeling with the proximity liga-
tion assay technique (84), it is now possible to detect in situ the
synthesis and degradation of specific proteins (85). In a similar
way, combining puromycin labeling with proximity ligation
assay technique, the synthesis of specific proteins can be
detected within 0.5–1 min (85, 86). Furthermore, photocaged
puromycin that can be locally activated allows for protein syn-
thesis detection in a spatially restricted manner (87). Similarly,
the TimeSTAMP technique allows for the tracking of an exog-
enously expressed protein fused to drug-controlled tags for
detection of proteins synthesized at defined time points; these
fusion proteins can be detected by live microscopy or electron

microscopy (80). Finally, for studying the modulation of the
synaptic protein turnover by mass spectrometry, the use of
quantitative non-canonical amino acid tagging (QuaNCAT) is
an elegant technique; it combines biorthogonal non-canonical
amino acid tagging (BONCAT) with stable isotope labeling of
amino acids in cell culture (SILAC), constituting a powerful
assay to measure protein turnover (76). Collectively, these tech-
niques open new exciting approaches for the study of local pro-
tein metabolic turnover in cell lysates and in situ.

Concluding Remarks

Protein synthesis and degradation work together to maintain
and regulate synaptic protein turnover; both systems are mod-
ulated by different forms of synaptic plasticity. Of special inter-
est is knowing how the components of both pathways are dis-
tributed in the different neuronal compartments, such as
synapses, dendrites, axons, or the cell body. A deeper knowl-
edge of this distribution would help us understand the local
regulation of protein synthesis and degradation. In addition, it
will be important to study whether there are compartment-
specific characteristics of the synthesis and degradation
machinery such as specific protein isoforms, specific post-tran-
scriptional modifications, or specific interactors. Also, in the
case of mRNA, the identification of specific elements regulating
the location, its stability, and its availability to be translated is of
great interest. Despite increasing attention on the role of pro-
tein synthesis and degradation in neuronal function and plas-
ticity, many questions remain open. For example, how are pro-
tein synthesis components coordinated for controlling the
synthesis of specific sets of proteins required in each location?
How and where are protein synthesis and degradation compo-
nents influenced by post-translational modifications or pro-
tein-protein interactions? How is all this modified by neuronal
activity to regulate the synthesis and degradation of specific
proteins at specific locations? In addition, how is the destruc-
tion of proteins coordinated with the creation of new ones, and
how is all this coordinated to achieve synaptic plasticity? A
good starting point to answer some of these questions would be
to know which proteins are modified in response to the differ-
ent plasticity paradigms. A detailed study of those proteins and
their interactors would help us to understand the spatial and
temporal regulation of protein turnover controlled by protein
synthesis and degradation and its role in synaptic plasticity.
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caille, J. C., Nader, K., and Sonenberg, N. (2007) eIF2� phosphorylation
bidirectionally regulates the switch from short- to long-term synaptic
plasticity and memory. Cell 129, 195–206

39. Costa-Mattioli, M., Gobert, D., Harding, H., Herdy, B., Azzi, M., Bruno,
M., Bidinosti, M., Ben Mamou, C., Marcinkiewicz, E., Yoshida, M., Ima-
taka, H., Cuello, A. C., Seidah, N., Sossin, W., Lacaille, J. C., Ron, D., Nader,
K., and Sonenberg, N. (2005) Translational control of hippocampal syn-
aptic plasticity and memory by the eIF2� kinase GCN2. Nature 436,
1166 –1173

40. Banko, J. L., Merhav, M., Stern, E., Sonenberg, N., Rosenblum, K., and
Klann, E. (2007) Behavioral alterations in mice lacking the translation
repressor 4E-BP2. Neurobiol. Learn. Mem. 87, 248 –256

41. Lee, D. H., and Goldberg, A. L. (1998) Proteasome inhibitors: valuable new
tools for cell biologists. Trends Cell Biol. 8, 397– 403

42. Hendil, K. B. (1988) The 19S multicatalytic “prosome” proteinase is a
constitutive enzyme in HeLa cells. Biochem. Int. 17, 471– 477

43. Lopez-Salon, M., Alonso, M., Vianna, M. R., Viola, H., Mello e Souza, T.,
Izquierdo, I., Pasquini, J. M., and Medina, J. H. (2001) The ubiquitin-
proteasome cascade is required for mammalian long-term memory for-
mation. Eur. J. Neurosci. 14, 1820 –1826

44. Karpova, A., Mikhaylova, M., Thomas, U., Knöpfel, T., and Behnisch, T.
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The Neuropilins (Nrps) are a family of essential cell surface
receptors involved in multiple fundamental cellular signaling cas-
cades. Nrp family members have key functions in VEGF-depen-
dent angiogenesis and semaphorin-dependent axon guidance,
controlling signaling and cross-talk between these fundamental
physiological processes. More recently, Nrp function has been
found in diverse signaling and adhesive functions, emphasizing
their role as pleiotropic co-receptors. Pathological Nrp function
has been shown to be important in aberrant activation of both
canonical and alternative pathways. Here we review key recent
insights into Nrp function in human health and disease.

The Nrps2 are essential cell surface receptors with pleiotro-
pic function in human health, functioning in many key biolog-
ical processes including in the cardiovascular, neuronal, and
immune systems (1). The two Nrp family members, Nrp1 and
Nrp2, are type I transmembrane proteins that are conserved in
all vertebrates and are �40% identical at the amino acid level
with a conserved domain structure. The Nrp extracellular
region possesses five structured domains that are essential for
ligand binding, a single transmembrane domain, and a short
intracellular domain that possesses a PSD-95/Dlg/ZO-1 (PDZ)-
binding motif (1).

Nrp Function in Biological Context

Loss of Nrp results in significant cardiovascular and neuronal
phenotypes. In the cardiovascular system, Nrp1 and Nrp2
transduce signals for the five VEGFs, together with the three
VEGFR family members. The phenotype of Nrp1 knock-out
mice demonstrates its critical role in angiogenesis, with embry-
onic lethality due to widely distributed defects in vascular pat-
terning (2). Complimentary to gene knock-out, overexpression
of Nrp1 also results in embryonic lethality due to hyper-vascu-
larization within the cardiovascular system (3). The angiogenic
cascade is a multi-step process involving: initiation by secreted
pro-angiogenic factors, activation of endothelial cell surface
receptors, endothelial cell proliferation, directional migration,

and tube formation. Nrp functions in multiple steps of the
angiogenic cascade, including binding VEGF ligand, regulating
cellular activation by VEGFR, and controlling directional
migration (4). The vascular phenotype of the Nrp1 knock-out is
similar to that of VEGF-A heterozygous mice (5, 6) and
VEGFR-2 null mice (7). This has led to the current model that
the essential vascular function of Nrp occurs within the context
of a ligand/receptor holocomplex including VEGF, Nrp, and
VEGFR.

Nrp family members function in a VEGF orthologue- and
isoform-specific fashion (Fig. 1). Nrp1 signaling is critical for
VEGF-A/VEGFR-2-mediated angiogenesis (8). An important
study of the Nrp1 knock-out mouse demonstrated that endo-
thelial cell migration is the key defect leading to the observed
embryonic lethality in the Nrp1 knock-out mouse (9). A key
role has been demonstrated for Nrp1 function in endothelial tip
cells during sprouting angiogenesis, where it preferentially
localizes to tip cells, functions in a cell-autonomous fashion,
and is critical for tip cell morphology (10). Recently, it was dem-
onstrated that Nrp1 functions as a downstream effector of
Notch signaling pathway and limits Bmp9 and TGF� signaling
in tip cells (11). Nrp2 signaling is important for VEGF-C/
VEGFR-2/R-3-mediated lymphangiogenesis (12, 13) (Fig. 1).
Nrp2 is highly expressed in lymphatic tip cell filopodia and
selectively modulates VEGF-C/VEGFR-3-mediated tip cell
extension (14, 15). Although the signaling pathways for Nrp1
and Nrp2 are largely distinct, they are able to partially compen-
sate for each other in certain biological contexts, and the double
knock-out has a more severe phenotype (16).

Nrp Ligand Binding

Structural studies have revealed the basis for Nrp binding to
VEGF ligands. Both Nrp1 and Nrp2 bind their cognate VEGF
ligands, utilizing a core conserved binding pocket formed by the
b1 coagulation factor loops (Fig. 2). The binding pocket, formed
by an interloop cleft, is specific for ligands with a C-terminal
arginine. A key salt bridge is formed between a conserved Asp
in the L5 loop of Nrp and the side chain of the C-terminal
arginine in VEGF. The C terminus interacts specifically with
the L3 loop, which forms a “C-wall” at one side of the binding
pocket, forming a network of hydrogen bonds.

Nrp1 was initially identified as a VEGF-A165 isoform-specific
receptor (8). Recent data established that Nrp1 can also bind to
other exon-8-containing isoforms, all of which have a C-termi-
nal arginine residue, including VEGF-A121 (17, 18) (Fig. 2A).
This C-terminal arginine forms a salt bridge with Asp-320 in
the L5 loop of Nrp1 and Ser-346, Thr-349, and Tyr-353 in the
L3 loop of Nrp1. VEGF-A165 utilizes additional interactions
between exon-7-encoded residues and the L1 loop of Nrp1 to
bind selectively and potently to Nrp1 (18, 19). In contrast, the
VEGF-A165B isoform has an alternative exon-8 that does not
contain a C-terminal arginine and can serve as an angiogenesis
inhibitor (20).

In contrast, a single isoform of VEGF-C is produced that
encodes a large pre-protein with N- and C-terminal domains
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that are liberated by specific proteolysis. Nrp2 binds specifically
to the central VEGF homology domain that possesses a C-ter-
minal arginine upon proteolytic maturation. The interaction
involves Arg-223 of VEGF-C with Asp-323 and Ser-349, Thr-
352, and Tyr-356 of Nrp2 (21, 22) (Fig. 2B).

These insights have general relevance to Nrp ligand binding.
This includes the other VEGF orthologues, including placental
growth factor (PlGF), which has multiple isoforms similar to
VEGF-A, and VEGF-D, which is proteolytically processed from
a pre-protein similar to VEGF-C. VEGF-B possesses both alter-
natively spliced as well as proteolytically processed forms; how-
ever, the biological function of VEGF-B is currently the source
of significant debate (23, 24).

Further, peptides based on the C-terminal Nrp consensus
binding motif have been identified and developed (25–29). This
family of peptides engages the ligand-binding pocket in the Nrp
b1 domain and binds to Nrp for specific targeting or can func-
tion as competitive inhibitors (30) (Fig. 2C). One class, named
the C-end rule (CendR) family, has been widely adopted, and is
being utilized and engineered for specific targeting in vivo with
important properties in cellular binding and cargo endocytosis
(31). Interestingly, a recent study, focusing on the uptake of

C-terminal arginine-containing peptides, suggested that Nrp1
is a sorting receptor (32). It was discovered that the Nrp1-me-
diated endocytic pathway is similar to macropinocytosis. How-
ever, the pathway is mechanistically distinct because it was not
sensitive to endocytosis inhibitors targeting known pathways
and does not compete or co-localize with any known endocy-
tosis vesicles. Nutrient-sensing networks were further shown to
regulate Nrp-mediated endocytosis (32), opening up a new area
for understanding the physiological context of Nrp function.

Surprisingly, although reiterating the importance of Nrp1 in
angiogenesis, a recent study called into question the specific
role of VEGF binding in Nrp function (33). These data are unex-
pected given the large amount of published data. When consid-
ering Nrp ligand binding, one important consideration that
must be taken into account, for not only VEGF but also other
Nrp ligands, is the role of glucosaminoglycans (GAGs). GAGs
are a diverse family of naturally occurring sulfated polysaccha-
rides, and have been shown to directly bind both Nrp and
VEGF, induce Nrp dimerization, and dramatically enhance
their interaction (30, 34 –37). Additionally, Nrp1 can be cova-
lently GAG-modified, which has significant impact on Nrp1
binding and function (38). Finally, the basis for the binding of
ligands that do not possess a C-terminal arginine has not been
determined, and may involve GAG-mediated cross-linking.
Taken together, the role of GAGs and Nrp post-translational
modification should be carefully considered, particularly in a
biological context where varied extracellular glycans with key
functions in Nrp ligand binding and function are present.

Nrp Role in Semaphorin Signaling

The Nrps are also high affinity receptors for Sema3 family
ligands. They function together with Plexin family signaling
receptors to control Sema3-mediated axon guidance, which is
critical for patterning of the nervous system (1). Plexin family
receptors signal via multiple signaling pathways including
GTPase, kinase, and oxidoreductase (39). Nrp engages Sema3
family members using a divalent engagement, with the a1
domain of Nrp1 and Nrp2 selectively binding the Sema domain
of different Sema3 family members and the b1 domain engag-
ing the Sema3 C-terminal domain with high affinity (Fig. 3)
(40 – 42). Furin processing of semaphorin results in maturation
of the protein to a species with a C-terminal arginine (43). This
processing underlies the ability of the C-terminal domain of
Sema3 to potently and selectively engage the C-terminal argin-

FIGURE 1. Structural basis for ligand binding to the Nrp b1 domain. Nrp1
binds to VEGF-A isoforms and Nrp2 binds to proteolytically activated VEGF-C.
VEGF-A isoforms are displayed with exons 1 (red), 2–5 (orange), 6a (yellow), 7
(green), 8 (blue), and 9 (pink). The width of the arrows indicates the strength of
the interaction. VEGF-C is displayed with the core VEGF homology domain in
green, and N- and C-terminal pro-domains are in red and purple, respectively.
The proteolytic site in VEGF-C critical for Nrp engagement is represented by a
caret. Nrp is displayed as a surface and graphic, adapted from Nrp2 a1a2b1b2
(Protein Data Bank (PDB) � 2QQK) using PyMOL (Schrödinger).

FIGURE 2. Detailed view of the ligand-binding pocket of Nrp, revealing the basis for specific binding to the conserved C-terminal arginine in ligands.
A–C, detail of the binding interface of Nrp1/VEGF-A (PDB � 4DEQ) (A); Nrp2/VEGF-C (PDB � 4QDQ) (B); and Nrp1/Tuftsin (PDB � 2ORZ) (C).
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ine-binding pocket in the Nrp b1 domain (29). Recent data also
give strong evidence for the role of furin processing in the neu-
rological function of Nrp. Kallmann syndrome, a serious inher-
ited genetic disorder resulting from defects in axon guidance,
can be caused by mutations in a furin cleavage site in the C-ter-
minal domain of Sema3A (44). The role and regulation of furin
processing of different Sema3 family members in the context of
Nrp function represents a key area of research in the field.

It was originally believed that, out of seven semaphorin fam-
ilies, only class 3 semaphorin family members utilize Nrp as a
high affinity signaling receptor. However, it has recently been
demonstrated that immune cells expressing Sema4a signal
through regulatory T cell (Treg) expressed Nrp (45). This spe-
cific interaction was found to be required by Treg cells to inhibit
anti-tumor immune responses and showed significant promise
in therapeutic intervention in inflammatory colitis.

Nrp Integrates VEGF and Semaphorin Signals

Recent data have demonstrated key functions for Nrp inter-
action with semaphorin in physiological and pathological
context outside the central nervous system (1) (Fig. 3). Sema-
phorins have been reported to function as endogenous in-
hibitors of aberrant angiogenesis, lymph angiogenesis, and
tumor metastasis (46 – 48). Indeed, accumulating evidence
indicates that Nrp functions as a central receptor (49) to inte-
grate competitive VEGF and semaphorin signals (1, 50, 51).
Furin processing of Sema3 family members has been demon-
strated to be critical for potent and selective engagement of the
b1 domain Nrp, which is critical for competitive binding with
VEGF (52, 53) (Fig. 3). Additionally, Nrp-mediated cross-talk
has significance for pathological function because deregulation
of ligand expression and activity, including overactive VEGF or
a loss of Sema3 signaling, has been connected to cancer initia-
tion and progression (1, 54, 55).

Intriguingly, furin processing of Nrp ligands has relevance
for the ability of viruses to infect Nrp-expressing cells (Fig. 3). It

was first reported that the human T-lymphotropic virus-1
(HTLV-1) surface glycoprotein SU is a furin-processed hepa-
rin-binding protein that directly interacts with Nrp and is
essential for HTLV-1 viral entry (56, 57). Indeed, the interac-
tion and infectivity of HTLV-1 were found to be attenuated by
both VEGF-A and peptide inhibitors of Nrp (57). Interestingly,
Nrp1 has recently been reported to function as an entry recep-
tor for Epstein-Barr virus (EBV) infection of nasopharyngeal
epithelial cells (58). This binding is mediated by the EBV glyco-
protein B protein, which is a furin-processed surface glycopro-
tein. Thus, furin processing has significant general relevance to
Nrp binding and function in both physiological and pathologi-
cal context. Intriguingly, although glycoprotein B was found to
bind tightly to both Nrp1 and Nrp2, Nrp1 enhances EBV infec-
tion, whereas Nrp2 impairs EBV infection. Additionally, GAG
binding is important for viral entry, and likely functions
together with Nrp engagement. The nature of functional spec-
ificity in the system represents an important future direction in
understanding Nrp function in viral entry.

Secreted Nrps as Endogenous Inhibitors

The biological function of the different regions of Nrp has
been explored. The Nrp extracellular domain is essential for
function. Indeed, the defective angiogenesis observed in the
Nrp knock-out mouse can be significantly improved by inject-
ing pregnant mice with a Nrp extracellular domain-Fc fusion
(59, 60). Both ectodomain shedding and alternative splicing
that produces secreted isoforms produce forms of Nrp that can
function as endogenous pathway inhibitors (61– 64). Soluble
Nrps have significant promise both as novel biomarkers and as
engineered pathway modulators (21, 65).

Nrp Intracellular Signaling and Trafficking

Transgenic mice expressing Nrp1 that lacks the intracellular
domain are viable but have impaired arteriogenesis (66, 67).
The Nrp1 intracellular domain directly interacts with the PDZ
domain protein GAIP-interacting protein, C terminus-1
(GIPC1), which can directly mediate signaling in endothelial
cells (68, 69). The GIPC1 knock-out has vascular defects similar
to those observed for deletion of the Nrp1 intracellular domain
(66, 70). Additionally, GIPC functions to physically and func-
tionally couple Nrp to other signaling receptors, including
VEGFR (69, 71) and integrins (72). The Nrp1 intracellular
domain was found to promote VEGFR internalization and recy-
cling back to the membrane (73). Further studies revealed that
the Nrp intracellular domain is able to accelerate the trafficking
of endocytosed VEGFR-2 and enhance VEGFR-2 signaling by
decreasing VEGFR-2 dephosphorylation (67). More generally,
the Nrp intracellular domain has been shown to be important
for the trafficking of multiple protein components of focal
adhesions (74). This is likely due to engagement of GIPC1, or
related proteins, because one of the key aspects of GIPC1 func-
tion is its ability to couple to both receptors and motor proteins
through its Nrp-binding PDZ domain and Myosin VI-binding
C-terminal domain (75, 76). Indeed, this may relate to general
aspects of Nrp in controlling specific trafficking and the fate of
cognate receptors (77).

FIGURE 3. Role of furin processing in regulation of Nrp binding. Sema-
phorin and viral coat proteins both utilize furin processing (caret) to release a
C-terminal arginine, allowing engagement of the b1 domain of Nrp. Sema-
phorin (PDB � 1OLZ) utilizes a two-site binding mode with the Sema domain
engaging the a1 domain of Nrp (42), and the basic C-terminal domain engag-
ing the b1 domain of Nrp with intervening plexin, semaphorin, integrin (PSI),
and Ig domains. Viral coat proteins engage the b1 domain of both Nrp and
GAGs.
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Nrp Function in cis and in trans

Nrp functions as a versatile co-receptor in cellular signaling,
physically coupling with VEGFR and other adhesive and signal-
ing receptors in cis. Recent data also indicate an important role
for Nrp in trans-cellular interactions (Fig. 4). It was first
reported that Nrp expressed on CD45� hematopoietic cells
enhances endothelial expressed VEGFR-2 activation, increas-
ing endothelial cell proliferation and angiogenesis (78). More
recently, a dramatic difference was shown for Nrp1 interactions
with VEGFR-2 in trans (79). In trans, Nrp1 was found to limit
receptor internalization and inhibit signal initiation and vascu-
larization. These functions were found to have significant
impact on the responsiveness of quiescent vasculature in retina.
Additionally, in pathological context, an interaction in trans
has also been shown to be important in tumor cell-mediated
angiogenesis and tumor cell metastasis (80, 81).

Multi-faceted Biological Function of Nrp

Interestingly, recent studies indicate that the Nrps play an
important role independent of VEGFR (69, 82– 84). It is
increasingly understood that Nrps can function as versatile co-
receptors that can bind to a number of growth factors and cou-
ple with cognate receptor tyrosine kinase (RTK) signaling path-
ways including fibroblast growth factor (FGF), platelet-derived
growth factor (PDGF), and transforming growth factor-�1
(TGF-�1), among others (85– 87) (Fig. 4).

Further, Nrps couple with non-receptor tyrosine kinase
receptors. Indeed, Nrp1 was originally reported for its adhesive
functions and is now known to critically regulate cellular adhe-
sion and migration (4). Nrp function has been demonstrated to
directly couple with multiple integrins to control cellular func-

tion and adhesion (72, 88). Moreover, this coupling has been
reported in multiple pathological contexts. Nrp and integrin
coupling have been associated with pancreatic cancer cell inva-
sion (89), increased fibronectin fibril assembly (90), breast can-
cer adhesion to laminin (91), breast cancer initiation (92), can-
cer cell extravasation and metastasis (81), breast cancer growth
(93), and stem cell fate determination (94). Current data indi-
cate that integrin engagement by Nrp may be independent,
cooperative, or competitive with VEGFR engagement and sig-
naling (95, 96). The nature and role of integrin coupling to Nrp
are an active area of research.

Emerging data show a fundamental connection between Nrp
function and hedgehog (Hh) signaling. Nrp1 was initially iden-
tified as the transcriptional target of sonic Hh that is critical for
mediating the pro-migratory effects of Hh (97). Further, Nrp
was shown to directly regulate Hh signaling, acting between
Smoothened (Smo) and Suppressor of Fused (SuFu) (98). The
connection between Nrp and Hh signaling is also important in
pathological context. Recently, it was shown that Nrp1 helps
maintain an undifferentiated phenotype in carcinoma cells
(99). Further, the Hh effector GLI1 was shown to regulate a
Nrp2/integrin-based autocrine pathway that contributes to
breast cancer initiation (92). Finally, Nrp2 was shown to specif-
ically contribute to tumorigenicity in Hh-driven medulloblas-
toma (100). The nature of the coupling between Nrp and Hh, as
well as the development of novel methods of pathway inhibi-
tion, is an important future direction for the field.

Summary

The Nrp family has critical function in physiological and
pathological context. Although foundational aspects of the
function of Nrp have been -defined, significant questions
remain. Defining the nature of specific Nrp signaling, specifi-
cally the control of signal initiation and transduction, is key to
understanding Nrp function in physiological context. Further,
understanding the cross-talk between different Nrp-dependent
signaling pathways is critical for understanding the pleiotropic
function of Nrp. Additionally, methods to selectively target,
modulate, and inhibit Nrp function in pathological context,
without deleterious side effects, are needed. Taken together,
these efforts will allow the field to understand and target Nrp in
human health and disease.
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In mammalian cells, mature tRNAs are cleaved by stress-acti-
vated ribonuclease angiogenin to generate 5�- and 3�-tRNA
halves: a novel class of small non-coding RNAs of 30 – 40 nucle-
otides in length. The biogenesis and biological functions of
tRNA halves are emerging areas of research. This review will
discuss the most recent findings on: (i) the mechanism and reg-
ulation of their biogenesis, (ii) their mechanism of action (we
will specifically discuss their role in the protein synthesis inhi-
bition and the intrinsic pathway of apoptosis), and (iii) their
effects on the human physiology and disease conditions.

Recent breakthroughs in high-throughput sequencing have
led to a more comprehensive view of the cellular transcriptome.
We are now aware of numerous additional non-protein-coding
RNA (ncRNA)3 candidates in all three domains of life, thus
indicating a hidden layer of transcriptome complexity (1, 2). A
more recent development in our understanding of the com-
plexity of cellular RNomes arose with the exciting discovery
that ncRNA transcripts with well described functions, such as
the tRNAs, can serve as precursors for downstream cleavage
events, generating yet another class of functional RNA frag-
ments. Two major classes of tRNA fragments have been iden-
tified in human cells. The 17–26-nucleotide long tRNA-derived
RNA fragments (tRFs) are products of precise processing at the
5�- or 3�-end of mature or precursor tRNAs. The tRF-5 and
tRF-3 are derived from terminal ends of mature tRNAs,
whereas tRF-1 are 3�-trailer sequences of pre-tRNAs (3). The
other important class of tRNA fragments found in mammalian

cells and tissues is the tRNA-derived stress-induced RNAs
(tiRNAs). tiRNAs were first reported in human fetus hepatic
tissue (4) and human osteosarcoma cells (U2OS), respectively
(5). tRFs and tiRNAs are the newest members of the cellular
ncRNA repertoire that are found in several organisms and play
prominent roles in various cellular functions (6). These tRNA
fragments can be generated in cells under physiological condi-
tions and also produced as part of the cellular stress response
(4 –9). In mammalian cells, tiRNAs are produced by the cleav-
age of mature tRNAs at positions close to the anticodon, giving
rise to the 30 – 40-nucleotide-long 5�- and 3�-tRNA halves, a
term used interchangeably with 5�- and 3�-tiRNAs throughout
this review. The enzyme responsible for this endonucleolytic
cleavage is angiogenin (ANG) (4, 5). ANG is a member of the
pancreatic RNase superfamily distinguished by its potent in
vivo angiogenic activity as well as its prominent role in cancer
development and neurodegeneration (10, 11). Here we will
review the ANG-induced tRNA halves (tiRNAs), their role in
mammalian stress response mechanisms, and other cellular
functions. Additionally, we will discuss their potential implica-
tions in the pathobiology of human diseases with a special focus
on neurodegenerative disorders.

ANG-induced tRNA Cleavage in Mammalian Cells

Endonucleolytic cleavage of mammalian tRNAs by ANG was
reported by two research groups in 2009 (4, 5). Yamasaki et al.
(5) reported that ANG cleaves tRNAs non-specifically during
arsenite treatment, heat shock, and UV irradiation. Fu et. al. (4)
reported that ANG-induced tRNA cleavage also occurs during
nutrition deficiency, hypoxia, and hypothermia. However, it is
not a general stress response; tRNA cleavage was not observed
in �-irradiated (4), etoposide-treated, or caffeine-treated
human cells (5). Several groups have studied the mechanism of
ANG-induced tRNA cleavage (12). The general consensus is
that during some stress conditions, ANG-induced tRNA cleav-
age is either (a) activated by the translocation of ANG into the
cytoplasm from the nucleus, thus bringing it into the proximity
of its substrates or (b) activated by disassociation of ANG from
its cytoplasmic inhibitor ribonuclease/angiogenin inhibitor 1
(RNH1), thus activating its RNase activity (6). However, there is
still a gap in our knowledge about these pathways. For example,
the molecular players involved in the translocation of ANG
from the nucleus into the cytoplasm during the stress response,
as well as the mechanisms of inactivation of ANG in the cyto-
plasm, still need to be identified. A recent study reported that
the knockdown of RNH1 abolished stress-induced relocaliza-
tion of ANG in HeLa cells (13), indicating a regulatory function
of RNH1 on the subcellular distribution of ANG. The mecha-
nism of ANG dissociation from its inhibitor during stress also
needs to be characterized. Our own study showed that the
RNH1 protein is degraded during hyperosmotic stress, which
can lead to activation of ANG and subsequent tRNA cleavage
(14). As an additional mechanistic insight, our study also
showed that higher levels of tRNA cleavage correlate with
higher translation rates (e.g. translation inhibitors down-regu-
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late both translation and tRNA cleavage), suggesting that ANG
can better access the tRNA when protein synthesis is active
(14).

Another important aspect of ANG-induced tRNA cleavage
that needs to be further explored is the mechanism of enzy-
matic cleavage of tRNA by ANG in vivo. ANG targets single-
stranded ribonucleic acid sequences with �20-fold higher pref-
erence for CA over UA and 3-fold higher for CA over CG (15).
It is generally believed that ANG cleaves the tRNAs around the
anticodon during stress (4, 5). In their recent study, Czech et al.
(16) proposed an additional site of tRNA cleavage by ANG.
They reported that during oxidative stress, the 3�-CCA end of
tRNAs is cleaved by ANG before a second cleavage in proximity
to the anticodon. They hypothesized that the cleavage of the
3�-end during stress is an immediate response to stress and is
rapidly reversed by 3�-CCA-adding enzymes, whereas the
cleavage at the anticodon is likely not reversible. However, the
evidence indicating the cleavage of the 3�-CCA termini fol-
lowed by the repair by 3�-CCA-adding enzymes was based on in
vitro analyses. Additional in vivo evidence supporting the tan-
dem activity of ANG and 3�-CCA-adding enzymes during
stress response will provide solid confirmation to this two-step
mechanism of tRNA cleavage.

The cleavage of tRNAs at the vicinity of the anticodon during
stress is also regulated by the presence of specific tRNA modi-
fications in the anticodon. DNA methyltransferase 2 (Dnmt2)
and NOP2/Sun RNA methyltransferase 2 (NSun2) modify
many tRNAs to generate the 5-methylcytidine (m5C) modifica-
tion in flies and mammals, respectively. Knockdown of these
modification enzymes has been shown to promote stress-in-
duced cleavage of tRNAs (17, 18). Thus modification of specific
nucleosides can provide resistance to ANG-induced cleavage in
tRNAs; this protective action against cleavage might play a reg-
ulatory role in the tiRNA-mediated stress responses.

Role of tiRNAs in the Cellular Stress Response and Other
Pathways

The cellular response to environmental stress involves regu-
lation of phosphorylation of the translation initiation factor 2
(eIF2). eIF2 delivers the initiator tRNA (Met-tRNAiMet) for
translation initiation of mRNAs. Phosphorylation of the � sub-
unit on Ser51 sequesters eIF2 in an inactive complex, thus
decreasing translation initiation (19). Concomitantly, phos-
phorylated eIF2� facilitates the preferential translation of select
transcripts, including activating transcription factor 4 (ATF4),
a transcriptional activator of stress response genes (20, 21).
Phosphorylation of eIF2� is considered the initiator of tran-
scriptional and translational reprogramming during stress,
known as the integrated stress response. Several studies,
including our own, have shown that ANG-induced cleavage of
tRNAs during stress conditions occurs independently of eIF2�
phosphorylation, thus indicating that tiRNAs might participate
in mechanisms of the stress response that do not involve the
integrated stress response (5, 14).

The functions of tiRNAs in the regulation of protein synthe-
sis in vivo during stress conditions have not been extensively
studied. Although stress induces tiRNA accumulation, the con-
centration of full-length tRNAs does not change (5, 14). It is

therefore more likely that tiRNAs play a role in other stress-
induced cellular processes rather than regulating global rates of
protein synthesis via changes in the abundance of full-length
tRNAs. The Anderson lab has shown that transfection of
5�-tiRNAs, but not 3�-tiRNAs, modestly (�20%) inhibits pro-
tein synthesis and promotes stress granule formation in a
phospho-eIF2�-independent manner (5, 22). Further research
in their lab showed that synthetic 5�-tiRNAAla and tiRNACys

inhibit translation in rabbit reticulocyte lysate by displacing
the eukaryotic initiation factor eIF4G/A from mRNAs. The same
study also reported that the 5�-terminal oligoguanine sequence
is essential for the translational repression ability of these
tiRNAs (23). The translation inhibitory effect of tRNA frag-
ments has been also reported in other organisms; the 26-nucle-
otide 5�-tRFs derived from tRNAVal have been shown to inhibit
translation in the archaeon Haloferax volcanii (24). Similar to
tiRNAs, Val-tRF is produced in a stress-dependent manner. Its
translation inhibitory action is reported to be due to its binding
with the small ribosomal subunit both in vitro and in vivo. The
existence of tRNA fragments capable of inhibiting translation
across domains of life suggests that this might be an ancient
mechanism of translation regulation in various species.

tiRNAs also play an important role in the cellular intrinsic
apoptotic pathway. Apoptosis occurs if the cellular damage
incurred during stress exceeds the capacity of the repair mech-
anisms. In the intrinsic mechanism of apoptosis, mitochondria
undergo biochemical and structural changes, leading to the
release of various proteins from the intermembrane space,
including cytochrome c (cyt c) (25, 26). Our recent study
showed that during hyperosmotic stress, ANG-induced tiRNAs
bind cyt c and competitively inhibit the binding of cyt c to the
apoptotic protease-activating factor 1 (APAF1) protein (27).
The binding of cyt c and APAF1 is essential for the formation of
the apoptosome and the downstream activation of cell death
(28). RNA deep sequencing of the cyt c-bound tiRNAs showed
that certain tiRNAs exhibit higher binding affinity than others,
but no enrichment of specific isodecoders of tRNA halves was
observed. Both 5�-tiRNAs and 3�-tiRNAs exhibited cyt c bind-
ing. Deeper understanding of these tiRNA-cyt c complexes
will provide insights helpful for designing RNA-based ther-
apeutics for diseases that involve deregulation of the apopto-
tic pathway such as various cancers and neurodegenerative
diseases (29, 30).

In addition to stress response pathways, tiRNAs are also
speculated to participate in the cellular RNAi pathway by
associating with the Argonaute (Ago) proteins and other
proteins involved in the silencing pathway (7). Increased
tRNA cleavage during heat shock in flies lacking the Dnmt2
modification enzyme has been shown to interfere with the
siRNA pathway. tiRNAs bind to Dicer and saturate its bind-
ing pocket, thus reducing its ability to cleave dsRNAs (31). In
an alternative mechanism, tRFs serve as substrates for the
cellular RNAi machinery. Due to their smaller size and dou-
ble-stranded structure, tRFs might be better suited to act as
substrates for the RNAi machinery as compared with tiRNAs
(7, 32, 33).
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tiRNAs in Human Biology and Disease Etiology

Unbiased deep sequencing of human small RNAs has shown
the presence of tRNA fragments of various sizes and structures
(34). The nature of cleavage is regulated by the tRNA type and
tissue expression (34). tRNA halves have been identified in var-
ious mammalian cells and tissue samples. Surveys of different
somatic tissues have revealed that 5�-tRNA halves are concen-
trated within blood cells and hematopoietic tissues of mice (35).
The level and composition of the tRNA halves change with age
and calorie intake, and the tRNA halves circulate as a part of a
large nucleoprotein complex. Another study reported that the
composition of circulating small RNAs in patients with stable
and advanced heart failure consists of tRNA fragments in addi-
tion to microRNAs (36). These findings suggest that analogous
to circulating microRNAs (37, 38), tRNA halves may act as sig-
naling molecules that participate in cell-to-cell communica-
tion. The presence of tRNA halves in hematopoietic tissues and
the bloodstream in normal (unstressed) conditions also point
toward a possible role in immune signaling (reviewed in Ref.
39).

Although tRNA halves are constitutively generated in human
cells and tissues, their accumulation increases by ANG-induced
cleavage during stress (4, 5, 14). This suggests that tiRNAs
might play an important role in stress-related disease and
injury. Using a 1-methyladenosine (m1A) antibody, Mishima
et al. (40) studied the circulating tRNA and tiRNA composition
in various animal models of tissue damage (e.g. toxic injury,
irradiation, and ischemic reperfusion). m1A modification of
tRNA is highly conserved in most organisms and has been
found to occur in almost all tRNAs (41– 43). The study showed
that the production of tiRNAs correlates with the degree of
damage. The authors also showed that during oxidative stress, a
change in the tRNA conformation promotes ANG-induced
tiRNA production. Additionally, renal ischemia/reperfusion
injury and cisplatin-mediated nephrotoxicity (both of which
induce tissue damage via oxidative stress) generate tiRNAs in
damaged kidneys. Thus tiRNAs can be used as biomarkers to
detect stress-induced tissue damage in humans.

Uncontrolled tissue damage is a common underlying cause
of cancer (44, 45). tRNA fragments were detected in the urine of
cancer patients more than three decades ago and were pro-
posed to be oncogenic molecules (46 – 49). However, the role of
these fragments in tumor growth and cancer progression still
remains unclear. Genome-wide analysis of tRNA levels in
breast cancer cells versus normal breast tissues revealed that
both nuclear-encoded and mitochondrial tRNAs are signifi-
cantly increased in transformed cells (50, 51). However, it is not
known whether increases in tRNA levels in transformed cells
lead to increases in tRNA fragments. Because ANG level is up-
regulated in several kinds of cancer, it is possible that ANG-
induced tRNA halves might be enriched in these scenarios (12,
52). Two recent studies have revealed that endogenous tRNA
fragments can play important roles in breast cancer and pros-
tate cancer etiology. The first study identified a group of tRNA
fragments that are up-regulated under hypoxia in non-trans-
formed mammary epithelial and breast cancer cells (53). This
study showed that these tRNA fragments competitively bind

the RNA-binding protein Y box-binding protein 1 (YBX1 or
YB-1). This binding causes disassociation of YB-1 from several
of its substrate oncogenic transcripts, thus causing destabiliza-
tion and down-regulation of these transcripts. Introduction of
tRNA fragments into breast cancer cells led to decreased cancer
growth under serum starvation, another evidence of their role
as stress response molecules, whereas inhibition of these frag-
ments by antisense locked nucleic acids increased the cancer
phenotype. Additionally, these fragments also exhibited metas-
tasis-suppressive action. The authors proposed that endoge-
nous tRNA fragments that bind YB-1 are generated during
oncogenic stress as a mechanism for tumor suppression. Inter-
estingly, this is not the first study to report the interaction of
tRNA fragments with YB-1. Ivanov et al. (23) have previously
shown that translational repression exhibited by certain
tiRNAs is YB-1-dependent. However, the types of tRNA frag-
ments reported to associate with YB-1 are different in these two
studies. tRNA fragments derived from tRNAGlu, tRNAAsp,
tRNAGly, and tRNATyr promote the destabilization of onco-
genic transcripts via YB-1 binding, whereas tiRNAAla and tiR-
NACys are responsible for translation inhibition. These findings
suggest that different classes of tRNA fragments can bind the
same protein to modulate diverse signaling pathways in the cell.

A recent study revealed a novel tRNA fragment-mediated
pathway in tumorigenesis of hormone-dependent cancers (54).
Honda et al. (54) reported that estrogen receptor-positive
breast cancer and androgen receptor-positive prostate cancer
cell lines specifically and abundantly express a class of tRNA-
derived small RNAs, which they termed sex hormone-depen-
dent tRNA-derived RNAs (SHOTRNAs). SHOTRNAs are pro-
duced in breast cancer cells by ANG-induced anticodon
cleavage of amino-acylated mature tRNAs. The resulting
5�-tRNA halves contain a phosphate group at the 5�-end and a
2�, 3�-cyclic phosphate at the 3�-end, whereas the 3�-halves con-
tain a 5�-hydroxyl group at the 5�-end and an amino acid at the
3�-end. Another important highlight of this study is the new
method developed by the authors called cP-RNA-seq that
exclusively amplifies and sequences RNAs containing a 3�-ter-
minal cyclic phosphate. Development of newer and more effi-
cient methods for detection of tRNA halves will facilitate early
detection of these biomarkers.

ANG-induced tRNA halves have been also implicated in the
cellular response to virus infection. Wang et al. (55) have shown
that fragments corresponding to the 5�-half of mature tRNAs
are abundantly produced in cells infected with human respira-
tory syncytial virus (RSV). RSV is paramyxovirus that causes
respiratory tract infections in children (56) and increases the
morbidity and mortality rate in immune-compromised
patients and the elderly (57). The study showed that the induc-
tion of tRNA halves was virus-specific, only a subset of tRNAs
were cleaved, and the cleavage was centered around the anti-
codon of the tRNAs. Wang et al. (55) also showed that a
5�-tRNA half derived from tRNAGlu-CTC represses target
mRNAs in the cytoplasm and promotes RSV replication in
cells. When ANG was suppressed by the use of siRNA, the
induction of tRF5-GluCTC by RSV infection was significantly
decreased (�50%), thus validating the ANG-mediated biogen-
esis of this tRNA fragment.
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Role of tiRNAs in Neurons: Implications for
Neurodegenerative Disorders

The neuroprotective actions of ANG have been well estab-
lished. In 2004, Greenway et al. (58) identified ANG as a sus-
ceptibility gene for amyotrophic lateral sclerosis (ALS), a neu-
rodegenerative disorder characterized by adult-onset loss of
motor neurons (59, 60). In a subsequent study, they showed
that the ALS-associated ANG mutations affect functionally
important residues essential for its ribonuclease activity (61).
From this point onward, the role of ANG in neuron mainte-
nance and survival was studied extensively. The protective
action of ANG was observed under various stress treatments;
for example, ANG protects motor neurons against excitotoxic
injury in a PI 3-kinase/Akt kinase-dependent manner (62).
ANG also protects neurons against hypoxic injury and endo-
plasmic reticulum stress-induced and trophic factor withdraw-
al-induced cell death, whereas ALS-associated ANG mutants
exert no protective activity (62, 63). Our own study showed that
ANG protects primary neurons from hyperosmotic stress-in-
duced cell death (27). A subset of ALS-associated ANG mutants
have also been found in Parkinson disease (PD) patients (64).
Most ALS/PD-associated ANG mutations involve RNase loss-
of-function mutations, in agreement with the neuroprotective
function of ANG via its RNase activity (65). This collective evi-
dence allows us to speculate that ANG-induced production of
tiRNAs is essential for neuron survival during stress. Two
potential mechanisms of protective actions exhibited by ANG
might be due to the interaction of tiRNAs with cyt c, thus pre-
venting apoptosis (27), or via translation regulation exhibited
by tiRNAs during stress (23).

Recent work by Ivanov et al. (66) provides an interesting
mechanistic explanation of how ANG-induced tRNA halves
might contribute to neuron survival and maintenance. They
found that 5�-tiRNAAla and 5�-tRNACys, the tiRNAs that coop-
erate with YB-1 protein to displace the cap-binding complex
eIF4F from capped mRNAs and thus inhibit translation initia-
tion, are assembled into putative G-quadruplex structures.
G-quadruplex structures do not exhibit the conformational dif-
ferences between DNA and RNA double helices and are known
to be able to efficiently enter cells (67). Ivanov et al. (66) showed
that human motor neurons spontaneously uptake 5-tiDNAAla

(the DNA equivalent of 5�-tiRNAAla) and that this effectively
rescues the motor neurons from stress-induced death. This
study can pave the way for testing of tiRNA-based therapeutics
in the treatment of neurodegenerative diseases.

The relationship between ANG-induced tiRNAs, cellular
stress, and neurodevelopmental disorders has been also studied
in the context of tRNA modifications. Human NSun2 methy-
lates cytosine residues in the anticodon loop (position C34) and
at the intersection of the variable loop and the T arm of tRNA
(68 –70). Mutations in NSun2 cause microcephaly and other
neurological abnormalities in mice and humans (71–73). A
recent study reported that 5�-tiRNAs are enriched in NSun2
knock-out cells and these fragments are derived from non-
methylated tRNAs (18). The study showed that NSun2�/� cells
are more sensitive to various stress stimuli (UV radiation and
oxidative stress) and that loss of NSun2 decreases neuron sur-

vival and impairs brain development. The authors hypothe-
sized that ANG-induced tRNA halves repress translation and
trigger a stress response and cell death in cortical, hippocampal,
and striatal neurons. They showed that injecting pregnant
NSun2�/� females with the ANG inhibitor rescued some of
these phenotypes in the NSun2�/� embryo. The authors pro-
posed ANG inhibitors as candidate drugs for patients exhibit-
ing loss-of-function mutations in NSun2. This is a very attrac-
tive scenario; however further in vivo studies are needed to
establish a direct link between tiRNAs and NSun2-associated
neurodegenerative disorders.

In addition to ANG-induced tRNA halves, tRFs derived from
intron-containing pre-tRNAs have been implicated in neuro-
degeneration (74 –76). Homozygous missense mutation
(p.R140H) in the CLP1 gene in humans has been associated
with severe motor sensory defects, cortical dysgenesis, and
microcephaly. CLP1 is an RNA kinase involved in tRNA splic-
ing. Patient-derived neurons displayed both depletion of
mature tRNAs and accumulation of unspliced pre-tRNAs.
Transfection of partially processed tRNA fragments into
patient cells exacerbated oxidative stress-induced cell death
(76). The biogenesis of these tRNA fragments is distinct from
that of ANG-induced tiRNAs; however, collective findings in
the field suggest that tRNA metabolism and development of
neurodegenerative diseases are strongly related.

Perspectives and New Directions

tRNA fragments are the newest members of the cellular short
ncRNA club (3, 34, 77, 78). Derived from different parts of the
tRNA molecule via different processing pathways, these RNAs
come in all shapes and sizes (7–9, 43) and have been observed in
all domains of life (6, 79 – 81). Although a natural concern
might be that these fragments are products of random RNA
degradation, several key observations substantiate that tRNA
fragments (especially tiRNAs) represent biologically relevant
entities. i) Their production is specifically induced during cer-
tain environmental (stress) conditions. ii) There is no clear cor-
relation between their abundance and the codon usage and/or
gene copy number of the corresponding full-length tRNAs. iii)
Cleavage is centered at specific sites in the tRNA (around the
anticodon for ANG-induced tiRNAs). iv) Most importantly, the
pool of available mature tRNAs is not significantly altered by
cleavage.

Our review is especially geared toward providing the readers
with the exciting prospects of tiRNAs in human biology. There
is burgeoning evidence that tiRNAs are enriched in multiple
human cells and tissues (34). tRNA halves have been found in
the serum as part of circulating macromolecular complexes
(35), and the abundance of specific circulating tRNA halves
changes in the serum of breast cancer patients (82). Although
not well studied, there is also evidence of 5�-tRNA halves being
enriched in the sperm of the mouse, rat, and human (83). The
levels of these tRNA halves are relatively constant during the
early stages of spermatogenesis, but substantially increase at
late- or post-spermatogenesis and are found localized at the
sperm head, which suggests delivery to the oocyte upon fertil-
ization. Their level decreases upon fertilization, suggesting
a physiological role in early embryogenesis. Additionally,
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5�-tRNA halves have been found in exosomes within human
semen (84) and in the urine of cancer patients (46 – 49).

As more and more evidence of their existence surfaces, the
list of the possible functions of these tiRNAs is also growing
(85). One avenue that deserves further exploration is the func-
tional interaction of the RNA-binding protein YB1 with tiR-
NAs. A recent study showed that certain tRNA halves in asso-
ciation with YB-1 can play an important role in preventing
breast cancer progression (53). YB-1 has an essential role in the
acquisition of malignant characteristics by breast cancer cells,
through epidermal growth factor receptor 2 (HER2)-Akt-de-
pendent pathways (86, 87). The underlying mechanism
involves YB-1-mediated translational regulation of oncogenic
transcripts (88, 89). tRNA fragments associate with YB-1 to
reduce its binding with oncogenic transcripts, thus inhibiting

their translation (53). Deeper molecular understanding of tRF-
YB-1 binding will allow the development of diagnostic and
therapeutic tools based on tRNA fragments. Future studies will
also determine whether tiRNAs can join the ranks of
microRNAs in the regulation of mRNA translation in health
and disease (90, 91).

Looking into the future, the prospect of applying ANG-in-
duced tRNA halves in the treatment of neurodegenerative dis-
eases such as ALS is particularly exciting. ALS, often referred to
as Lou Gehrig disease in the United States, is a paralyzing and
ultimately fatal disease characterized by the progressive loss of
motor neurons (92). ANG mutations that lead to loss of its
RNase activity have been implicated in the pathophysiology of
ALS (61, 93). Loss of its RNase activity will reduce the produc-
tion of ANG-induced tiRNAs. tiRNAs have been implicated in

FIGURE 1. The mechanistic and biological roles of ANG-induced tRNA halves. Shown is a graphic representation of various mechanistic roles played by
ANG-induced tRNA halves during cellular stress and their possible biological functions in human disease and pathological conditions.
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inhibition of protein synthesis (23), formation of stress granules
(22), and inhibition of apoptosis via interaction with cyt c (27).
The mechanisms for neurodegeneration in ALS are not com-
pletely understood; however, it has been reported that motor
neuron degeneration in ALS structurally resembles apoptosis
(94, 95). The anti-apoptotic role of tiRNAs might thus play an
important role in preventing neuronal death, and this aspect
perhaps contributes to why loss-of-function mutations of ANG
are causatively linked with ALS. As described above, the finding
by Ivanov et al. (66) that 5�-tiDNAAla (the DNA equivalent of
5�-tiRNAAla) via forming G-quadruplex structures can enter
human motor neurons and protect them from stress-induced
death introduces an exciting avenue for the use of tiRNA mim-
icry aptamers for the treatment of neurodegenerative diseases.
Aptamers based on G-quadruplex structure have been used for
the detection and treatment of severe pathologies including
vascular, cancer, and viral diseases (96 –98). The observation
that tiRNAs can assume the G-quadruplex structure opens up a
plethora of new opportunities. For example, high throughput
screens can be set up to examine whether specific tiRNAs can
modulate the activity of enzyme superoxide dismutase 1
(SOD1). SOD1 mutations underlie almost 20% of familial ALS
(92, 99, 100). Administration of ANG to SOD1 (G93A) mice, a
standard laboratory model for ALS, significantly promotes both
lifespan and motor function (62). Based on this observation and
other reported findings, we believe that in-depth studies on
tiRNAs and their regulatory roles in neurons could provide sig-
nificant breakthroughs in ALS prevention and therapy. There is
a lot more to learn about the generation and function of tRNA
fragments in mammalian cells. This review highlighted the
recent discoveries in this field (Fig. 1) and the potential use of
tRNA fragments as biomarkers in development of diseases that
involve stress-induced tissue damage.
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Vitamin B2 (riboflavin) is essential for metabolic functions
and is synthesized by many bacteria, yeast, and plants, but not by
mammals and other animals, which must acquire it from the
diet. In mammals, modified pyrimidine intermediates from the
microbial biosynthesis of riboflavin are recognized as signature
biomarkers of microbial infection. This recognition occurs by
specialized lymphocytes known as mucosal associated invariant
T (MAIT) cells. The major histocompatibility class I-like anti-
gen-presenting molecule, MR1, captures these pyrimidine
intermediates, but only after their condensation with small mol-
ecules derived from glycolysis and other metabolic pathways to
form short-lived antigens. The resulting MR1-Ag complexes are
recognized by MAIT cell antigen receptors (�� T cell receptors
(TCRs)), and the subsequent MAIT cell immune responses are
thought to protect the host from pathogens at mucosal surfaces.
Here, we review our understanding of how these novel antigens
are generated and discuss their interactions with MR1 and
MAIT TCRs.

MAIT Cells

T cells are lymphocytes that mediate a range of immune
functions such as killing infected host cells and producing
cytokines and other factors that regulate immunity and inflam-
mation. T cells generally recognize peptide antigens (Ags)6 or
lipid-based Ags complexed to specialized Ag-presenting mole-
cules, MHC and CD1, respectively, that interact with an Ag-
specific �� T cell receptor (TCR) (1, 2). An expansive repertoire
of TCRs is generated by the random rearrangement of V, D, and
J gene segments and by pairing of TCR �- and �-chains, allow-
ing specific recognition of a diverse range of Ags. Mucosal asso-
ciated invariant T (MAIT) cells are a specialized subset of �� T
cells originally identified in CD4� CD8� (double negative)
human blood lymphocytes expressing a dominant invariant
TCR �-chain gene rearrangement, TRAV1-2-TRAJ33 (based on
IMGT, or V�7.2-J�33 based on Arden nomenclature (3)) (4, 5)
with less frequent usage of TRAJ12 and TRAJ20 (6 –9). The
MAIT TCR �-chain contains a complementarity-determining
region (CDR) 3 loop of constant length with two variable amino
acids in the V-J junction (4) located at the base of this loop (10,
11). MAIT cells are evolutionarily conserved in mammals with
the canonical TCR �-chain composed of homologous TRAV
and TRAJ elements also found in mice, cattle (5) and sheep (12).
TRAV1-2 is not exclusive to MAIT cells, with some MHC-I-
restricted T cells (13, 14) and CD1b-restricted germline-en-
coded, mycolyl lipid-reactive (GEM) T cells also using this
TRAV gene segment (15).

The �-chain of MAIT cells has no apparent restrictions in J�
usage, but there is a bias toward the use of human TRBV20 and
TRBV6 segments (or V�2 and V�13 based on Arden nomen-
clature) and, similarly in mice, to TRBV19 and TRBV13 (or V�6
and V�8 based on Arden nomenclature), both being the murine
orthologous segments of human TRBV6 (4, 5, 9). Furthermore,
recent TCR sequencing revealed a marked oligoclonality of
MAIT TCR CDR3� regions and a bias in the length of mostly
between 11 and 14 amino acids (9).

MR1 Presentation of Antigens Derived from Vitamin B2
or B9 Synthesis

MAIT cell development and Ag-specific activation depend
on expression of the Ag-presenting molecule MR1 (MHC-re-
lated protein-1 (MR1)) (16), an MHC class I-like molecule (17)
that assembles with �2-microglobulin to form a heterodimer
(18, 19). MR1 is monomorphic (20) and is the most highly con-
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served MHC-like gene across diverse mammalian species, with
90% sequence identity between mouse and humans (21, 22),
allowing for considerable species cross-reactivity of MAIT cells
(23).

Until recently, the exact nature of the Ag presented by MR1
to T cells was unknown. It was initially postulated that the
monomorphic nature of MR1 and the constrained MAIT TCR
usage reflected a limited diversity in MR1 ligands recognized by
MAIT cells in a pattern recognition-like manner (24). Notably,
although human MAIT cells respond to a wide variety of
bacteria such as Escherichia coli, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Staphylococcus aureus, Staphylococcus
epidermidis, Salmonella enterica serovar Typhimurium, Myco-
bacterium smegmatis, Mycobacterium tuberculosis, Mycobac-
terium abscessus, Candida albicans, Candida glabrata, and
Saccharomyces cerevisiae, they are not activated by viruses and
certain strains of Listeria, Enterobacter, and Streptococcus (6,
25–27). The canonical pathway of riboflavin biosynthesis
involves a number of enzymes essential for ligand production
(Fig. 1A), and those bacteria that do not activate MAIT cells
have defects in the riboflavin synthesis pathway (26), consistent
with derivation of MR1 ligands from riboflavin synthesis. In
some bacteria, the riboflavin synthesis pathway is regulated by
an operon (Rib) such that the presence of flavin mononucle-
otides, or riboflavin itself, inhibits riboflavin synthesis and
impairs generation of ligands that activate MAIT cells (28, 29).
Moreover, in two bacterial strains, S. Typhimurium and Lacto-
coccus lactis, MAIT cell activation was dependent on the enzy-
matic production of 5-amino-6-D-ribitylaminouracil (5-A-RU),
an intermediate in riboflavin biosynthesis that is present in
diverse bacteria and yeast as well as plants (29). Mutations in
enzymes essential to the production of 5-A-RU, but not
enzymes required later in riboflavin synthesis (Fig. 1A), pre-
vented the production of activating MAIT cell ligands by these
bacteria (29). This finding was recently verified in mutants of
E. coli (30). Although 5-A-RU plays an important role in MAIT
cell activation, MR1 could not be refolded efficiently with
5-A-RU alone (29, 31).

Despite the link between MAIT cell activation and the bio-
synthesis of vitamin B2, the first MR1-binding ligand to be
identified was 6-formylpterin (6-FP), a photodegradation prod-
uct of vitamin B9 (folic acid) (26). It was identified by LC-MS
analysis of the eluted material from recombinant MR1 mole-
cules assembled in folic acid-containing medium (26). How-
ever, MR1-6-FP complexes did not activate MAIT cells, leading
us to a wider search for the natural activating ligand (26). When
recombinant MR1 was loaded with filtered bacterial cultures of
S. Typhimurium grown in folate-deficient medium, LC-MS
indicated that the main chemical component from the eluted
material had a molecular formula of C12H18N4O7 (26). A search
for compounds structurally related to riboflavin biosynthetic
intermediates matching this formula included (i) a dihydrogen-
reduced product of 7-hydroxy-6-methyl-8-D-ribityllumazine
(RL-6-Me-7-OH, C12H16N4O7), a metabolite of the key in-
termediate 6,7-dimethyl-8-D-ribityllumazine (RL-6,7-DiMe,
C13H16N4O6, Fig. 1, A and B) and (ii) the dihydrogen-reduced
6-hydroxymethyl-8-D-ribityllumazine (rRL-6-CH2OH, C12H18-
N4O7), the latter of which had no known link to riboflavin bio-

synthetic intermediates apart from structural similarity.
Indeed, all three compounds (RL-6,7-DiMe, RL-6-Me-7-OH,
and rRL-6-CH2OH) activated MAIT cells in an MR1-depen-
dent manner in cellular assays, albeit with varied levels of
potency (26).

MR1 assembled with RL-6-Me-7-OH sufficiently well in
vitro for the MAIT TCR-MR1-RL-6-Me-7-OH structure to be
solved by x-ray crystallography (10), although the recovered
complexes were very unstable and made tetramer production
challenging (8). At this point, rRL-6-CH2OH seemed to be the
most potent activator of MAIT cells in vitro and ex vivo (26).
However, wild-type MR1 could not be refolded with rRL-6-
CH2OH, so that a crystal structure could not be obtained for
MR1 complexed with rRL-6-CH2OH. A low resolution (3.3 Å)
crystal structure of a human MAIT TCR and humanized bovine
MR1 complexed with a heterogeneous extract from E. coli was
later reported, but the structure of the bound Ags remains
unclear (32). Therefore we took a genetic and biochemical
approach to identifying the nature of the ligands captured by
MR1 from the riboflavin synthesis pathway in bacteria.

Formation of MAIT Cell Ligands through the Interaction
of Different Metabolic Pathways

A key step in riboflavin biosynthesis is the condensation of
5-A-RU with 3,4-dihydroxy-2-butanone-4-phosphate (3,4-
DH-2-B-4-P) to generate RL-6,7-DiMe (Fig. 1A). This reaction
proceeds via a putative intermediate, 5-(1-methyl-2-oxopro-
pylideneamino)-6-D-ribitylaminouracil (5-MOP-RU), which
spontaneously undergoes ring closure via dehydration to form
RL-6,7-DiMe (33, 34) (Fig. 1B). This reaction can be catalyzed
by lumazine synthase (RibH), but RL-6,7-DiMe can also be gen-
erated in the absence of an enzyme (33, 34). Because 5-
MOP-RU and the related compound 5-(2-oxopropylide-
neamino)-6-D-ribitylaminouracil (5-OP-RU) differ only by a
single methyl group, we conceived that 5-OP-RU might be
formed as a short-lived Ag via the analogous condensation of
5-A-RU with methylglyoxal, en route to cyclization to the cor-
responding lumazine 7-methyl-8-D-ribityllumazine (RL-7-Me)
(Fig. 1B). In attempts to generate potential MAIT cell activa-
tors, we therefore chemically combined the key riboflavin bio-
synthetic intermediate 5-A-RU with glyoxal and methylglyoxal,
small molecules abundantly formed in a number of metabolic
pathways including glycolysis (35). When these reaction mix-
tures were used to refold MR1, the ligands identified in the
cleft were surprisingly the chemically unstable pyrimidine
intermediates 5-(2-oxoethylideneamino)-6-D-ribitylaminoura-
cil (5-OE-RU) and 5-OP-RU, instead of the corresponding and
relatively more stable ribityl lumazines, 8-D-ribityllumazine
(RL) and RL-7-Me, respectively. These Ags, 5-OE-RU and
5-OP-RU, are normally unstable in water, but were encapsu-
lated and stabilized by MR1 through Schiff base formation (see
below) and an extensive hydrogen-bonding network as evi-
denced in high resolution (2.1–2.6 Å) crystal structures (29).
Both Ags activated MAIT cells and formed stable MR1 tetram-
ers that stained MAIT cells with great specificity in the case of
both human (29) and mouse MAIT cells (36). Furthermore,
they were identical to the ligands recovered from recombinant
MR1 assembled with supernatant from S. Typhimurium, L. lac-
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tis, and E. coli, as determined by high resolution LC-MS (29).
Other researchers have since also confirmed the identity of
these MAIT cell-activating ligands, 5-OP-RU and 5-OE-RU
(30). The structural features of their binding revealed the basis
for the capture of these intermediates by MR1 as discussed
below (37). By contrast, when 5-A-RU was combined with 2,3-
butanedione, the resultant mixture did not activate MAIT cells
or refold with MR1, although we are uncertain whether
5-MOP-RU reached a significant concentration before its rapid

cyclization to give RL-6,7-DiMe. This inability of MR1 to bind
to an essential intermediate of riboflavin biosynthesis may be
critical in directing MAIT cell activation.

Structural Basis of MR1-Antigen Binding and MAIT Cell
TCR Recognition

Consistent with its sequence similarity to an MHC-I mole-
cule, MR1 has a structure that overall is analogous to MHC-I,
but in which the Ag is contained within an aromatic cradle

FIGURE 1. Derivation of MR1 ligands from riboflavin synthesis. A, schematic display of the riboflavin biosynthesis pathway. ribH, lumazine synthase; X,
hypothetical phosphatase. B, chemical formation of pyrimidines and ribityllumazines from condensation of small metabolites with 5-A-RU. 3,4-DH-2-B-4-P,
3,4-dihydroxy-2-butanone-4-phosphate.
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formed between the �1- and �2-helices sitting atop an antipar-
allel �-sheet (Fig. 2A) (26). The cradle is lined with both charged
and hydrophobic residues, of which a large number are aro-
matic, thus providing an ideal environment for the capture of
small molecules (26). A number of high resolution MAIT TCR-
MR1 ternary structures determined by x-ray crystallography
have allowed the examination of the intermolecular interac-
tions involved in the capture and presentation of this novel class
of Ags by MR1 and revealed a number of interesting features (2,
9, 24, 28, 30).

The most unusual feature of MR1 was identified from the
initial MR1-6-FP structure and subsequent analysis, where the
Ag was covalently bound to MR1 through a Schiff base formed
between the formyl group of 6-FP and Lys-43 of MR1 (Fig. 2B)
(26). This covalent bond demonstrates a strong association
between MR1 and the Ag, despite its inability to activate MAIT
cells. The Lys-43 residue is located at the base of the cleft, and
thus the small 6-FP molecule is also buried deeply within the
comparatively large solvent-accessible MR1 cavity (Fig. 2B)

(26). Consequently, the crystal structure of MR1-6-FP bound to
a MAIT TCR demonstrated the relative inaccessibility of the
compound in this location for TCR recognition (10). The TCR
bound orthogonally to the main axis of the Ag-binding cleft and
centrally over the cradle, placing the variable regions of the
TCR on the surface of MR1 immediately above the compound
(Fig. 2A) (10). The Tyr-95 residue from the CDR3� loop
extended down into the cleft but only formed a single indirect
link between 6-FP and the TCR, through a water-mediated
hydrogen bond (Fig. 2B) (10).

The crystal structure of a MAIT TCR bound to complexes of
MR1-RL-6-Me-7-OH provided initial insight into the mecha-
nism of MAIT cell activation, while noting that RL-6-Me-7-OH
only weakly activated MAIT cells (10). In this structure, the
TCR was bound to MR1 in an identical fashion to the non-
activating MR1-6-FP complexes, but made a direct hydrogen
bond with the ribityl moiety of the Ag through the highly con-
served Tyr-95 (Fig. 2B), explaining the differential MAIT cell
responses. Notably, RL-6-Me-7-OH cannot form a Schiff base

FIGURE 2. Structural characterization of MR1-binding ligands derived from vitamin B synthetic intermediates. A, ternary structure of MR1 presenting
6-FP to MAIT TCR. Boxed area represents sections shown in more detail in B. B, contact between the MR1 bound antigens 6-FP, RL-6-Me-7-OH, 5-OP-RU, or
non-covalently bound 5-OP-RU, with the MAIT TCR. C, contacts sequestering 6-FP, RL-6-Me-7-OH, 5-OP-RU, or non-covalently bound 5-OP-RU within the
MR1-binding cleft. D, solvent-accessible area within the MR1-binding cleft with the A�- and F�-pockets labeled. The CDR3� (yellow) and CDR3� (orange) of the
MAIT TCR are shown. E, Bistris propane bound within the F�-pocket of MR1 (from PDB ID: 4PJX). All dashed black lines represent hydrogen bonds, and red spheres
represent water molecules.
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with MR1, as it does not have a carbonyl group. The larger
RL-6-Me-7-OH Ag also occupied a more expansive region of
the cavity, making numerous contacts within the cleft to cor-
rectly orient the compound for T cell recognition in the absence
of Schiff base bond formation (Fig. 2C). The structures of MAIT
TCRs complexed with MR1-5-OE-RU and MR1-5-OP-RU
showed the same orientation of the ribityl moiety so that the Ag
could also form a direct contact with Tyr-95 of the MAIT TCR
(Fig. 2B) (10). However, in contrast to RL-6-Me-7-OH binding
to MR1, both 5-OE-RU and 5-OP-RU were able to form a Schiff
base bond with Lys-43 through a reactive carbonyl group (29).
Furthermore, the CDR3� loop of the TCR �-chain now made
an additional contact with both pyrimidine adducts through its
own water-mediated hydrogen bond (Fig. 2B) (29). Affinities
between MR1-5-OP-RU or MR1-5-OE-RU complexes and
MAIT TCRs measured by surface plasmon resonance were
comparable with conventional TCRs recognizing peptide-
MHC complexes (Kdeq � 0.5–10 �M) (31).

Notably, although rRL-6-CH2OH could not be refolded with
wild-type MR1, it could be loaded into pre-folded MR1 mole-
cules containing a K43A mutation that prohibits formation of a
Schiff base with Ag. This crystal structure also revealed that the
trapped ligand was the monocyclic 5-OP-RU (Fig. 2B) (29). This
bound ligand had an LC-MS/MS fragmentation pattern that
was indistinguishable from rRL-6-CH2OH (28, 29) and is
primed for cyclization via intramolecular condensation of the
free amine with the ketone. Consistent with these findings, a
trace amount of 5-OP-RU was often present in synthetic sam-
ples of rRL-6-CH2OH (Fig. 3).7 The structure of a MAIT TCR-
MR1(K43A)-5-OP-RU complex clearly demonstrated that the
interactions within the MR1 cleft were sufficient to stabilize the
5-OP-RU pyrimidine adduct and prevent ligand cyclization
without the contribution of Lys-43 to capture the reactive car-
bonyl group via Schiff base formation (Fig. 2C) (29). Although
the structure confirmed that the covalent Schiff base interac-
tion is not required by MR1 for Ag capture or activation of
MAIT cells, MR1-Ag stability was reduced markedly in the

absence of the Schiff base (17 °C lower half-maximum melting
temperature by thermostability) (31).

MAIT Cell Antigen Diversity

Although 5-OP-RU and 5-OE-RU are potent MAIT cell Ags,
the full range of naturally produced 5-A-RU adducts has not yet
been defined. It is possible that other small molecules in addi-
tion to glyoxal and methylglyoxal may also arise as physiological
byproducts potentially generating distinct variation in ligands
in different microbes, or metabolic stages of the microbe and
host. For example, although 5-OE-RU was the dominant spe-
cies in the supernatant of E. coli, this was a subdominant species
in the supernatant of S. Typhimurium, indicating that the bac-
terial source can impact on the relative abundance of the two
distinct ligands (29).

The variability of MAIT TCR �-chain usage and the original
discovery of several MAIT cell ligands recognized by MAIT
cells suggest that there may be additional natural Ags that stim-
ulate MAIT cells (26). As discussed earlier, in the dominant
MAIT TCR �-chain, residue Tyr-95 forms a hydrogen bond
with the ribityl moiety of activating ligands that is pivotal in
MAIT cell activation (8, 10, 11, 31, 38). However, other less
frequent TRAJ regions have been sequenced and tentatively
assigned to MAIT cells, two of which do not encode Tyr-95
(TRAJ9, TRAJ39) (25). They may not represent functional
MAIT TCRs, perhaps reflecting incomplete allelic exclusion at
the TRA locus, but alternatively, it is possible either that they
are reactive with known activating Ags in a manner distinct to
MAIT TCRs encoding TRAJ Tyr-95 or that they recognize
novel MAIT cell Ags. Structural studies have shown that MAIT
TCR heterogeneity, especially in the CDR3� loop, can fine-tune
MR1 recognition in an Ag-dependent manner (31), highlight-
ing the possibility that MAIT cells might have the capacity to
discriminate between diverse ligands in a MAIT cell subset-
specific manner. Gold et al. (25) have recently observed distinct
MAIT TCR repertoire mobilization in response to diverse
pathogens that could reflect the existence of discrete pathogen-
associated Ags presented by MR1. This possibility is yet to be
confirmed with biochemical evidence. On the other hand, the
limited variation in the MAIT TCR �-chain and oligoclonality
in the CDR3� loop partly reflect structural requirements for
MR1 recognition because both regions are critical as illumi-
nated in crystal structures and mutagenesis analysis (10, 11, 38).
Another contributing factor to the limited MAIT TCR reper-
toire might be preferential TCR rearrangements and �- and
�-chain pairing. To this end, it has been confirmed that the
canonical TRAV1-2-TRAJ33 amino acid sequence is produced
efficiently from multiple TCR nucleotide sequences that can
arise from multiple recombination events, a process referred to
as convergent recombination (39). Interestingly, in V�19i
C��/�MR1�/� mice, a significant population of “MAIT-like”
T cells develops, apparently selected by classical MHC-I mole-
cules but reactive to MAIT Ags presented by MR1� Ag-pre-
senting cells (40). This raises the possibility that the variability
of MAIT TCR �-chain and J� usage might also be driven by
avoidance of self-reactivity to polymorphic MHC-I and
MHC-II molecules by the relatively fixed MAIT TCR.

7 A. J. Corbett, S. B. Eckle, R. W. Birkinshaw, L. Liu, O. Patel, J. Mahony, Z. Chen,
R. Reantragoon, B. Meehan, H. Cao, N. A. Williamson, R. A. Strugnell, D. Van
Sinderen, J. Y. Mak, D. P. Fairlie, L. Kjer-Nielsen, J. Rossjohn, and J. McClus-
key, unpublished results.

FIGURE 3. Synthesis of rRL-6-CH2OH and the possible formation of the
byproduct 5-OP-RU.

MINIREVIEW: MAIT Cell Receptors Recognize MR1-Ag Complexes

30208 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 51 • DECEMBER 18, 2015



The x-ray crystal structures of MR1-Ag complexes also raise
the possibility of additional, novel MR1 Ags. All structures to
date have shown the Ag to be bound within the MR1 A�-pocket
(Fig. 2D, equivalent to the MHC-I pocket that binds the N-ter-
minal peptide residue), which contains both Lys-43 for Schiff
base formation and the residues that interact directly with the
ribityl moiety. However, the F�-pocket (equivalent to the
MHC-I pocket that binds the C-terminal residue of peptides),
which is shallower than the A�-pocket, has already shown a
predisposition to presenting small molecules (Fig. 2D). A num-
ber of the published MAIT TCR-MR1 structures deposited to
the Protein Data Bank (PDB) contain the buffer compounds,
Bistris propane or glycerol (e.g. 4PJX and 4PJE), used in the
crystallization conditions, located within this cleft (31). Bistris
propane makes a number of hydrogen bonds with charged res-
idues in the F�-pocket (Fig. 2E) and, although these molecules
are unlikely to be MAIT cell Ags themselves and are relatively
distal from the canonical MAIT TCR docking region, this does
provide a tantalizing glimpse of what naturally occurring MR1
ligands within this F�-pocket may resemble.

It is possible, but not obvious, that distinct MR1 ligands
might be derived from additional microbial pathways other
than riboflavin biosynthesis. However, the genetic correlation
between the riboflavin biosynthetic pathway, ligand produc-
tion, and MAIT cell activation suggests this is a dominant
source of Ag. This, in turn, implies that the basic scaffold of any
additional microbial Ags will derive from 5-A-RU. Indeed,
tetramers of MR1-5-OP-RU or MR1-5-OE-RU bind to most if
not all MAIT cells (8), suggesting that 5-OP-RU and 5-OE-RU
represent universal and highly potent MAIT cell Ags.

MR1 Expression and Ligand Capture

MR1 transcripts and intracellular protein are ubiquitously
expressed (17, 21), whereas MR1 is expressed at low levels at the
cell surface and is more readily detectable in the presence of
ligand (26, 31, 41). Studies prior to the discovery of MR1 ligands
showed that intracellularly MR1 is primarily found in the endo-
plasmic reticulum, where it associates with all known members
of the peptide-loading complex, including calnexin, calreticu-
lin, ERp57, TAP (transporter associated with antigen pro-
cessing), and tapasin, although not all residues known to inter-
act with the loading complex are present in MR1, thus pointing
toward a novel manner of loading complex interaction (19).
However, MAIT cell activation by endogenous ligand was
shown to be independent of chaperoning by the MHC loading

complex (16, 42). Instead, the endocytic compartment, includ-
ing MHC class II chaperones Ii and DM, which promote endo-
somal trafficking, was shown to be important for MAIT cell
activation in this system (42). Notably, MR1 can present both
extracellular (supernatant) and infection-related Ag. The pre-
cise mechanisms by which bacterial Ags are loaded onto MR1
and the location of this event in each case remain to be under-
stood. It is also still unclear whether MR1 Ag presentation is
mediated by a specialized Ag-presenting cell in the periphery,
as both myeloid cells as well as non-myeloid cells, such as epi-
thelial cell lines, including A549 (6), BEAS-2B (43), and HeLa
(44), can act as Ag-presenting cells in vitro. Both 6-FP (26) and
its synthetic analogue acetyl-6-formylpterin (Ac-6-FP) (Fig. 4)
(31) potently up-regulate cell surface expression of MR1 and act
as competitive inhibitors of MAIT cell activation by 5-OP-RU,
the latter being the superior competitive inhibitor. When com-
paring the kinetics of MR1 up-regulation, Ac-6-FP induced a
more rapid and more prolonged increase in MR1 levels at the
cell surface and higher maximum surface expression levels of
MR1 were reached (31). The difference could reflect the lower
stability of MR1-6-FP as compared with MR1-Ac-6-FP (8 °C
lower half-maximum melting temperature by thermostability)
(31). This difference in stability was associated with additional
hydrogen bonding between the acetyl group of Ac-6-FP and
Arg-94 of MR1, although we cannot rule out effects related to
the intrinsic stability of the ligands themselves or their relative
cellular uptake. Additional analogues of 6-FP that up-regulate
MR1 and competitively inhibit MAIT cell activation have
recently been reported, namely the dimethyl acetals of 6-FP and
Ac-6-FP (30) (Fig. 4). Both possess these activities despite being
unable to form a Schiff base with MR1, although partial hydro-
lysis of the acetal could generate an aldehyde capable of reacting
with Lys-43 (30). MAIT cells in human PBMCs and MAIT cell
reporter cell lines are activated at nM concentrations of Ag (31),
suggesting that a small number of cell surface MR1-5-OP-RU
complexes might be required for MAIT cell activation. Consis-
tent with this notion, competitive inhibition of 5-OP-RU by the
most potent inhibitor, Ac-6-FP, requires formation of stable
MR1-antagonist complexes and 106-fold molar inhibitor excess
for complete competitive inhibition of activation by 5-OP-RU
(31).

In summary, MR1 has sufficient plasticity to accommodate a
range of chemical entities, including those identified to date,
such as the bicyclic pterins (6-FP, Ac-6-FP), monocyclic pyrim-

FIGURE 4. Folic acid and its structurally related MR1 ligands.
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idine derivatives (5-OP-RU, 5-OE-RU), and bicyclic lumazines
(RL-6,7-DiMe, RL-6-Me-7-OH) (10, 26, 29, 31), all of which are
derived from vitamin B2 (riboflavin) or B9 (folic acid) biosyn-
thesis. It is not yet known whether distinct classes of ligands can
be accommodated in the A� versus the more solvent-exposed
F�-pockets of MR1. Further studies are in progress to map the
full complement of potential MR1-binding ligands that can
activate or inhibit MAIT cells, and to characterize the immu-
nological and pharmacological consequences of MR1 recogni-
tion of small heterocyclic molecules and their subsequent pres-
entation as Ags for MAIT cell activation. These ongoing studies
promise to reveal new insights into the molecular basis of
MAIT cell-mediated immune responses in physiology and
disease.
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WW domain-containing oxidoreductase (WWOX), origi-
nally marked as a likely tumor suppressor gene, has over the
years become recognized for its role in a much wider range of
cellular activities. Phenotypic effects displayed in animal stud-
ies, along with resolution of WWOX’s architecture, fold, and
binding partners, point to the protein’s multifaceted biological
functions. Results from a series of complementary experiments
seem to indicate WWOX’s involvement in metabolic regulation.
More recently, clinical studies involving cases of severe enceph-
alopathy suggest that WWOX also plays a part in controlling
CNS development, further expanding our understanding of the
breadth and complexity of WWOX behavior. Here we present a
short overview of the various approaches taken to study this
dynamic gene, emphasizing the most recent findings regarding
WWOX’s metabolic- and CNS-associated functions and their
underlying molecular basis.

The WWOX gene initially became a research target due to its
localization in a region of considerable chromosomal instability
(16q23.2), at common fragile site (CFS)3 FRA16D, which
immediately marked it as a possible tumor suppressor gene
(TSG) (1, 2). Inactivation of TSGs at CFSs has long been known
as a hallmark of cancer (3). CFSs are evolutionarily conserved
genomic regions that are sensitive to replicative stress (4). In
2010, Beroukhim et al. (5) demonstrated that deletion of TSGs
spanning CFSs is among the most significant driver events in
cancer. Although highly recombinogenic, CFSs are rarely
involved in oncogenic activation, suggesting that CFSs are
mainly hot spots for inactivation of tumor suppressors (3). A
number of animal studies were conducted on WWOX, and in
keeping with the above paradigm, many insights were gained

into WWOX’s association with cancer development (reviewed
elsewhere (6 –10)). However, a few surprising results led the
research in other unanticipated directions, linking WWOX to
regulation of metabolic function, as well as neuronal develop-
ment (Fig. 1). These animal model studies were complemented
by studies on the cellular and molecular levels, modeling
WWOX structure and identifying its potential binding part-
ners, thus generating a comprehensive functional model of
WWOX activity.

This review sketches out how our view of WWOX has
evolved over the years, with emphasis on the recent findings
that link WWOX to metabolic regulation and CNS homeosta-
sis. We begin with an overview of the original WWOX animal
model studies, followed by an outline of subsequent WWOX
research performed at the cellular and molecular levels. We
review potential WWOX binding partners and their associated
cellular pathways. We further define WWOX structure and
architecture, expounding its behavior in the context of its two
tandem WW domains and expansive short-chain dehydroge-
nase/reductase (SDR) region. Taken together, we generate a
functional model of WWOX that highlights the versatility of
this protein and suggests possible new directions for further
study of WWOX’s complex nature.

Animal Models

Phylogenetic analysis of WWOX protein sequence revealed
evolutionary conservation from insects to humans (11), includ-
ing WWOX’s functionally important tandem domains WW1
and WW2, which are followed by an SDR domain (Fig. 2). As
such, various animal models have been engineered, not only to
determine WWOX association with cancer, but also to provide
an optimal framework for researching WWOX function in
humans in general.

Rodent Models: Initial Studies on WWOX and Cancer, and
Beyond

Because murine WWOX shares 94% sequence identity with
its human homologue, and, notably, a CFS (FRA8E1) (12),
Wwox-null mice can be assumed to display phenotypic effects
similar to those seen in connection with human WWOX loss.
In 2007, we generated the first of these models on congenic
B6-129 mixed genetic background, leading to observations of
focal lesions resembling osteosarcomas in offspring homozy-
gous for Wwox deletion, as well as enhanced spontaneous
and induced tumor incidence and multiplicity in heterozy-
gous offspring (13–15). The Aldaz group (16) also reported
that Wwox hypomorphic mice display increased incidence of
lymphomas. This nicely fits the theory that WWOX is
indeed anti-oncogenic.

However, we also found signs of growth retardation and pre-
mature death due to severe metabolic defect exhibiting signs of
hypoglycemia, hypolipidemia, and hypocalcemia (15). WWOX
deficiency was also associated with osteopenia and bone meta-
bolic defect and steroidogenesis impairment (17, 18). These
unexpected results suggested a causative effect not only of
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WWOX deletion in cancer onset, but also in metabolic mal-
function (19). Furthermore, these same Wwox-null mice exhib-
ited spontaneous and audiogenic seizures (20),4 which, in ret-
rospect, is a finding remarkably consistent with recent studies
linking WWOX and neurodegenerative diseases described
later in this review. These phenotypes were recapitulated in
other mouse models carrying a conditional loxp site when bred
with a general delete EllA-Cre (21, 22), confirming WWOX in
vivo requirement for these phenotypes.

Of important note, in 2009, Suzuki et al. (23) reported a
13-bps deletion in exon 9 of the Wwox gene in Lde/Lde rats
(lethal dwarfism with epilepsy), a frameshift that changes its
C-terminal protein sequence starting from position 371. They
demonstrated that it is associated with seizures, lethal dwarf-
ism, and epilepsy (23). Nevertheless, no tumor phenotype was
observed in the Lde/Lde rat model, perhaps suggesting the sig-
nificance of genetic background or differences of tumor
dynamics. Another valid possibility is that WWOX could be
more important for tumor progression, requiring another hit
for tumor initiation. Alternatively, distinct regions in WWOX
could be responsible for distinct functions. Altogether, these
findings suggest that the different rodent models are useful for
understanding multiple WWOX functions in vivo.

Drosophila melanogaster: Connecting WWOX to Metabolism

Sharing only �50% sequence identity with human WWOX
(11), fruit fly models containing the dWwox orthologue have
their limitations. Even if the fundamental processes between

human and fly are somewhat similar, their implementation is
often very different (24). Analysis of complex processes and
modeling multifactorial human diseases is a challenge in
D. melanogaster, although it could serve as a good initial screen
that requires further validation in human settings. Drosophila
models have in particular contributed to the further apprecia-
tion of WWOX’s role in regulating mitochondrial metabolism
(discussed in detail later in this review). By demonstrating the
association of WWOX loss or its reduced expression (using
siRNA) with enhanced aerobic glycolysis and reduced mito-
chondrial function (11), the D. melanogaster model supports
the association between WWOX and metabolic function that
was noted earlier on in the rodent models described above (15,
17, 22). Furthermore, altered levels of WWOX in D. melano-
gaster were recently shown to eliminate tumorigenic cells in the
fly through TNF�/Egr modulation leading to caspase-3 activity
alteration and cell death promotion (25). In contrast, little is
known about neurological related phenotypes in dWWOX loss
in D. melanogaster. Because the fruit fly genetic model is easy to
manipulate genetically, further work should be pursued with
these models to study context- and tissue-specific WWOX
deletion, e.g. in neurons.

Zebrafish: Another Potential Model Organism for the Study of
WWOX

Most recently, Tsuruwaka et al. (26) have demonstrated that
depletion of WWOX in zebrafish (70% sequence identity with
the human WWOX protein), using siRNA or antisense mor-
pholino, is associated with reduced calcium levels, similar to the
hypocalcemia displayed in Wwox-null mice described above.
These knockdown fish displayed additional changes associated
with growth retardation, postnatal lethality, altered calcium
dynamics, and bone defects: phenotypes that very much
resemble the Wwox-null mice (15, 17, 22). Thus, the
zebrafish could serve as an additional vertebrate model for
understanding molecular mechanisms of WWOX loss in
human diseases (27). Altogether, it is very obvious that mod-
eling WWOX loss using animal models significantly contrib-
uted to our understanding of WWOX functions, not only in
cancer but also in homeostasis.

Expanded Search: The Many Faces of WWOX Unraveled
by Its Partners

Early animal models made clear the eclectic nature of
WWOX. Phenotypic effects of altered WWOX expression
marked the protein not only in association with cancer onset,
but metabolic regulation and CNS development as well. In an
effort to explain WWOX involvement in these three divergent
systems, our group sought to identify potential partner proteins
of WWOX belonging to cancer-, metabolic-, or CNS-related
pathways. Identification of a WWOX partner protein in one of
these pathways would implicate WWOX as an acting member
of the respective system. By defining the WWOX interactome,
we assumed that we would uncover WWOX’s putative roles
and explain many of the phenotypes observed in animal models
and human patients.

WWOX contains two WW domains and an expansive SDR
region. WW domains mediate many regulatory interactions by4 R. I. Aqeilan et al., unpublished data.

FIGURE 1. Overview of the biological effects of WWOX loss on signaling
pathways. WWOX is involved in several biological functions through its abil-
ity to interact physically and functionally with many proteins. For example,
upon DNA damage, WWOX interacts with ITCH and ATM, leading to ATM
activation, and consequent activation of �H2AX, MDC1, and CHK2. Moreover,
WWOX enhances apoptosis through interaction with p53 and p73. At the
same time, WWOX inhibits cell growth by inhibiting the Wnt/�-catenin com-
plex through Dvl1 inhibition. Besides, WWOX modulates cellular metabolism
by interacting physically with HIF1� and functionally with Idh1. Finally,
WWOX inhibits GSK3� activity to phosphorylate Tau that is crucial for proper
neurodevelopment. Whether DDR proteins such as ATM and p73 are impor-
tant for the neurodegeneration phenotype upon WWOX loss is unknown.
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recognizing PPXY and other proline-rich motifs on their part-
ners (28, 29). We therefore conducted pulldown experiments to
identify and categorize all WWOX WW domain binding part-
ners. In 2004, we reported the first interacting partner of
WWOX, p73 (30). Our strategy was based on “fishing” PPXY-
containing proteins known to interact with WW domains of
WWOX expressed as GST fusion proteins in an ELISA-like
assay (30, 31). A list of putative interacting proteins was identi-
fied with variable affinities. In vitro GST pulldown and immu-
noprecipitation assays confirmed these interactions and vali-
dated WWOX interaction with p73 (30), ErbB4 (32), AP2 (33),
and others (reviewed in Ref. 34). Some of these interactions
were clinically relevant (35, 36). In parallel, the Aldaz group also
reported selective interaction of WWOX with PPXY-contain-
ing proteins (37) such as SMAD3 (38).

Considering the number and variety of WWOX’s PPXY-con-
taining partners, our group took a closer look at the molecular
mechanism employed by WWOX’s tandem WW domains.
Studies have shown that tandem WW domains utilize a variety
of strategies to integrate information from binding events (39,
40). We wanted to determine the strategy specific to WWOX’s
tandem WW domains. Our group applied a combination of
proteomic analysis, GST pulldown, and immunoprecipitation
experiments to demonstrate that the main interacting module

of WWOX is its WW1 domain (41). These observations were
supported by the work of the Farooq group (42, 43), demon-
strating that the WW2 domain of WWOX shows very low
affinity to PPXY partners. Sequence analysis of WW1 and
WW2 revealed that the change of a single, highly conserved
residue in WW2, Tyr-85, is responsible for WW2’s low affinity
to the ligand. Indeed, a Y85W mutant is enough to re-establish
binding of WW2 to partner PPXY motifs (44). Thus, it has been
suggested that the specific mechanism used by WWOX’s WW
domains is that of a chaperone effect, with WW2 regulating
binding of WW1 to its partner, either by stabilizing WW1 and
thereby increasing binding affinity (44) or by binding to WW1
in an orientation that occludes the PPXY binding site, generat-
ing an internal interaction that can compete with interactions
with partners (42, 43).

Whatever its strategy, it is clear that WWOX’s tandem WW
domains provide the protein with the ability to bind a wide
range of different partners, as is evidenced by our pulldown
experiments, along with the divergent systems affected by its
altered expression. In keeping with findings from earlier animal
studies, several of WWOX’s putative interacting proteins have
been identified as members of CNS-, metabolic-, or cancer
related pathways, confirming the link between WWOX expres-

FIGURE 2. WWOX protein structure and WWOX mutations in CNS disorders. A, the architecture of the WWOX protein. WWOX contains two N-terminal
WW domains (green and magenta, respectively) that are separated by a linker with a nuclear localization sequence (NLS, yellow), and a C-terminal SDR domain
composed of an N-terminal (blue), central (orange), and C-terminal (cyan) parts. WW2 stands out by its inability to bind to peptide motifs (e.g. PPXY) when compared
with classical WW domains. Features that are usually not observed in classical SDR domains include a long inserted loop adjacent to the catalytic site (gray), as well as
a C-terminal extension (cyan). MTS, mitochondrial transmission signal; P, proline. B, mutations in WWOX genes of patients with CNS disorders. Changes include
mutations in both WW and SDR domains, ranging from point mutations that lead to non-synonymous amino acid changes in the protein, stop codons (indicated by
an asterisk), to skipped exons. The two alleles of each of the reported patients (59, 63) are presented below the architecture scheme, together with their phenotype; S
stands for SCAR12, and W stands for WOREE. Patient i, Refs. 20, 63, and 75; patient ii, Refs. 20 and 63); patient iii, Ref. 65; patient iv, Refs. 61 and 63; patient v, Ref. 62; and
patients vi–ix, Ref. 63. Phenotypes for all patients except patient v were defined and reviewed in Refs. 63 and 65, whereas patient v has been identified by the authors
according to the phenotype descriptions given by Refs. 63 and 65. The exact genotype for patent iii (V202*) is still unknown (65). Its unresolved portion is represented
by a dotted line.
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sion alteration and the phenotypic effects noted above. This will
be elucidated in the following sections.

Complementary Findings: Toward a Comprehensive
Picture

WWOX and Metabolism

Reports of functional interactions of dWWOX in the animal
models described earlier in this review have shown that it func-
tionally interacts with mitochondrial proteins including isoci-
trate dehydrogenase (IDH) and superoxide dismutase (SOD1)
(45). These results led to the proposal that WWOX plays a role
in regulating reactive oxygen species (ROS) and mitochondrial
metabolism. Using microarray and proteomic analyses on
dWwox-manipulated flies, the Richards lab (45) demonstrated
that WWOX functionally interacts with mitochondrial pro-
teins and modulates ROS levels. Importantly, WWOX levels
change dramatically in different metabolic settings, with high
levels during oxidative phosphorylation, and inversely, very low
levels in conditions in which cells rely on glycolysis, such as
exposure to hypoxic conditions (46). Indeed, we recently
reported that WWOX, via its WW1 domain, physically and
functionally interacts with HIF1� and regulates its transactiva-
tion function not only in vitro but also in vivo (47). These obser-
vations suggest that WWOX not only contributes to intracel-
lular metabolic changes, but that in turn its expression is
responsive to the metabolic status of the cell, highlighting
its critical role in these settings (48). The fact that changes
in WWOX levels might affect glycolysis and ROS levels could
be very relevant to its role as a tumor suppressor. Importantly,
genetic or pharmacologic depletion of HIF1� reverses WWOX-
mediated phenotypes associated with its loss, including tumor-
igenesis (47). Screening for expression of WWOX and GLUT1,
a direct target of HIF1�, in a breast cancer tissue microarray
revealed an inverse relationship between these two proteins,
confirming that WWOX loss is associated with increased glu-
cose uptake and aerobic glycolysis, likely contributing to
metabolism rewiring in cancer cells (47, 48). Moreover,
WWOX’s SDR domain, which contains a catalytic site and an
NADP binding site (Fig. 2), may contribute to WWOX’s meta-
bolic role, especially through its enzymatic activity in hormone-
secreting organs that show high expression of WWOX. None-
theless, so far no biochemical studies have investigated the
enzymatic activity of human WWOX or its SDR domain func-
tion. A recent clue came from studying dWWOX, showing that
the SDR enzymatic activity of dWWOX is required for its cel-
lular response to metabolic and mitochondrial defects (49).

WWOX and DNA Damage Response

The association with ROS links WWOX to regulation of the
integrity and stability of genetic material. In addition to ROS,
integrity is challenged by internal factors such as replication
errors, as well as environmental factors, including ionizing irra-
diation, UV radiation, and chemicals (50). Our lab uncovered a
central role of WWOX in maintaining genomic stability (51).
The first clue came from increased expression of WWOX
immediately after DNA damage including DNA double strand

breaks (51) and single strand breaks.5 Proteomic analysis of
WW1 domain partners revealed that the ubiquitin E3 ligase
ITCH physically associates and functionally mediates Lys-63-
linked ubiquitination of WWOX, leading to its stabilization
and nuclear localization (41). In the nucleus, WWOX could
interact with a number of proteins, including ATM and p73, to
mediate efficient DNA damage response such as apoptosis and
DNA repair. Our studies clearly demonstrate that WWOX
interacts with and activates ATM, leading to increased phos-
phorylation of ATM substrates including H2AX, MDC1,
CHK2, and KAP1 (51). Upon loss of WWOX, ATM function is
hampered, leading to accumulation of DNA double strand
breaks and consequently rendering the genome less stable (50).
These observations and others led us to propose that WWOX,
itself a product of a fragile region, FRA16D, functions to protect
the genome from damage, and only upon its loss is an increase
in DNA damage is observed (52). Because WWOX loss could be
associated with unstable genomes, it would be of considerable
interest to examine the consequences of treating WWOX-neg-
ative tumors with poly(ADP-ribose) polymerase (PARP) inhib-
itor and/or platinum-based drugs.

It is still a mystery why a gene responsible for maintenance of
genome stability should itself be located in a fragile region.
Could it be that DNA damage alerts WWOX, and likely other
genes spanning CFSs, to activate DDR, but if the damage is too
severe, these genes are lost, facilitating elimination of these
“bad” cells? In this scenario, WWOX and other products of
CFSs may function as electric fuses that “blow up” upon over-
current to protect from further damage. Although this is a pos-
sibility, the picture seems to be more complicated as loss of
WWOX is also associated with aggressive traits of cancer cells.
This could be dependent on tissue context, as expression of CFS
has been shown recently to be cell type-specific (53, 54). Alter-
natively, other hits inactivating effectors of DDR, such as p53,
could also be involved. Moreover, WWOX up-regulation upon
DNA damage could facilitate elimination of damaged cells by
activating the apoptotic cascade, or decreasing growth rate. For
example, WWOX physically interacts with p73 and function-
ally promotes apoptosis (30). The Chang group (55, 56) has also
shown that WWOX could interact with p53 and Jnk1 in some
cells, mediating cellular apoptosis. In addition, WWOX was
reported to inhibit Wnt/�-catenin complex, inhibiting cell pro-
liferation (57). Altogether, these observations suggest WWOX
as a central player in DNA damage repair and apoptosis.

WWOX in the CNS: Patients and Structures

Early clues that linked WWOX with neurological disorders
came from animal models demonstrating that WWOX loss is
associated with epilepsy and ataxia (20, 23). Supporting evi-
dence came from high expression levels of the WWOX protein
in the CNS (15, 59, 60), further indicating a critical role of
WWOX in CNS homeostasis. A number of recent studies have
demonstrated several WWOX mutations in human patients
characterized by early onset of epilepsy, developmental retar-
dation, intellectual deficiency, and neurological manifestations
of ataxia (20, 61– 65) (Fig. 2). The patients described span a wide

5 M. Abu-Odeh, N. Heerema, and R. I. Aqeilan, unpublished data.
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range of neurological severity, ranging from seizure disorder
associated with global developmental delay, progressive micro-
cephaly, bilateral optic atrophy, and spastic quadriplegia in very
young age children (as early as 1.5 months) (recently termed
WOREE phenotype, for WWOX-related epileptic encephalop-
athy), to non-progressive microcephaly and less severe pheno-
type in adolescence-adult with later onset at 9 –12 months
(associated with spinocerebellar ataxia type 12 (SCAR12)) (63,
66). This wide range of phenotypic abnormalities could be due
to the nature of these mutations. Relatively milder phenotypes
seem to originate from missense point mutations (P47T and
P47R, G372R), whereas severe manifestations were observed in
nonsense mutations (R54*, K297*, and W335*) or partial/com-
plete deletions (Fig. 2). Therefore, WWOX genotypes might
correlate with the reported phenotypes, although analysis of
more patients would be required to further support this
relationship.

The mechanism underlying these neurological abnormalities
is poorly understood. The Chang group was a pioneer in dem-
onstrating a functional link between WWOX and effectors of
the CNS related to Alzheimer disease such as GSK3� and the
cytoskeletal protein Tau-1 (reviewed in Ref. 67). Tau is a micro-
tubule-associated protein that has an important role in micro-
tubule assembly and stability. GSK3� has a vital role in Tau
hyperphosphorylation at its microtubule binding domains.
Hyperphosphorylated Tau has a low affinity for microtubules,
thus disrupting microtubule stability. It has been shown that
WWOX can inhibit GSK3� and thus in its absence result in Tau
hyperphosphorylation (68, 69). Whether these effectors are
important for the observed SCAR12 and WOREE phenotypes is
still unknown. The spectrum of mutations in these diseases
suggests that the WW1 domain, the nuclear localization
sequence between the two WW domains, as well as the SDR
domain are involved. The fact that patients harboring WWOX
deletions or truncations exhibit a more severe phenotype sug-
gests that the SDR domain indeed plays a critical role. We pro-
pose that the WW1 domain might facilitate interaction with
partner protein(s) that in turn allow and modulate SDR func-
tion(s). It is also possible that WWOX loss of function associ-
ated with unstable genome or impaired ROS levels contributes
to the observed epileptic encephalopathies.

Similar to Wwox-null mutant animals that died by 3– 4 weeks
(17), most severe WOREE patients died prematurely (63). How-
ever, no bone phenotypes or steroidogenesis impairment were
reported or noted. Whether these WWOX mutations would
also predispose patients to tumor is also unknown, because no
tumor phenotype has yet been reported or noticed for them (20,
61– 64). This is likely due to the short life span of these patients
or because other mutations would be required for the appear-
ance of the multistep process of tumor formation. Nevertheless,
a genetic variant of the WWOX locus (CNV-67048), which is
associated with reduced WWOX expression, has been recently
correlated with predisposition to lung cancer and gliomas (70 –
72). Larger studies would be required, and careful analysis of
genome integrity needs to be done to further analyze loss of
WWOX in cancer predisposition in WOREE and SCAR12
patients.

Further Structural Indications

To the C-terminal side of WW1 and WW2, WWOX con-
tains a third domain, the SDR domain, spanning the majority of
the protein chain (Fig. 2). Included in the SDR are a catalytic
site, a proton acceptor site, an NADP nucleotide binding site, a
region that mediates targeting to the mitochondria, and a
C-terminal extension specific to WWOX and a few other SDR-
containing proteins only. Interactions mediated by the SDR
domain of WWOX have also been reported (reviewed in Ref. 8).
Of particular interest is the interaction of WWOX with Tau
and GSK3� and its functional outcome in Alzheimer disease
(68, 69). Collectively, the picture emerging from these interac-
tions reveals WWOX as an adapter protein regulating tran-
scription and stability as well as localization of its partners (34).

Structural Hints through the Lens of Mutations

The structural analyses described throughout this review
demonstrate how identification of sequence-based structural
elements, particularly domains, within a protein can indicate
the protein’s cellular activity and molecular mechanism. Along
the same lines, recognition of sequence irregularities within
these domains can further signify critical aspects of protein
behavior. Recently, several CNS-related WWOX point muta-
tions have been identified. Mapping of these neurological
mutations together with known cancer-related point mutations
onto the domain architecture of our structural model provides
even greater insight into WWOX’s molecular mechanism.

Although very few WWOX mutations in cancer patients
have been located in the WW domain region, recent studies
have linked mutations of Pro-47 of WWOX WW1 to the devel-
opment of severe, early-onset encephalopathy (20, 63) (Figs. 2
and 3A). Cases of mutation at position 47 were found in two
(unrelated) consanguineous families: a homozygous mutation
P47T (20), and a heterozygous mutation P47R with a WWOX
exon 1 frameshift allele (63). Pro-47 is one of the well conserved
residues within WW domains. Its role as a molecular “buckle”
that maintains the stability of the WW domain’s three �-strand
fold was revealed by the first structure of the domain. Interest-
ingly, this proline interacts with the first conserved W to form
the stabilizing “buckle” (73). Thus, although Pro-47 has not
been determined as directly important to facilitating WWOX
interaction with its partner ligands, substitution of this highly
conserved residue is expected to cause marked destabilization
of the protein core (Fig. 3A), which could in turn lead to changes
in the positioning of those residues that are critical for WWOX
interaction (20). Overall, point mutations are associated with
less severe phenotypes when compared with the stop codon
introduced after the first WW domain (R54*) (61), and muta-
tions that lead to exon skipping or even to the overall loss of
WWOX protein expression (see above and Fig. 2) (63, 64).

Regarding the WWOX SDR domain, those mutations linked
to cancer onset (TCGA cBioPortal database) appear to be dis-
tributed throughout the whole SDR, both in the conserved
Rossmann fold as well as in the �-helix extension that is char-
acteristic of a smaller subgroup of SDR homologues (Fig. 3B).
Within the Rossmann fold are highly conserved elements
including the protein NADP binding site and the protein cata-

MINIREVIEW: WWOX Functions in Normal and Cancer Cells

30732 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 52 • DECEMBER 25, 2015



lytic site, whose identifying motif YXXXK was confirmed by
alanine substitution of residues Tyr-293 and Lys-297. Recently,
the Richards group (49) provided evidence that Tyr-288 in
dWWOX (equivalent of Tyr-293 in human WWOX sequence)
is important for WWOX’s cellular response to mitochondrial
defects, highlighting the significance of the SDR enzymatic
activity in metabolic reactions. The WWOX SDR domain also
features a non-conserved insert of a long loop proximal to its
catalytic site (residues 265–289). Whether this loop stabilizes
the interaction with the C-terminal extension and/or regulates
access to the NADP binding site, it is clear that it is critical to
WWOX function; the detrimental mutation at Ser-281 is
located in this loop, as is Tyr-287, which upon phosphorylation
by Ack1 leads to rapid degradation of WWOX (74). Functional
disruption leading to cancer development can easily be sur-
mised from the close proximity of these mutations to any of
these functional regions (Fig. 3B).

In contrast, the sole point mutation in the SDR region linked
to CNS disease, G372R (20), seems to fall on a less constrained
part of the protein. Its location on a seemingly non-functional
surface region in the divide between the Rossmann fold and the
C-terminal extension leaves many questions regarding the
effect of the mutation in causing encephalopathy. However,
together with the previously reported mutation in the WWOX
gene leading to a frameshift starting from position 371 in Lde/
Lde rats that is associated with epilepsy and seizures (23), this
emphasizes the importance of this C-terminal tail for proper
neural development.

Conclusion

WWOX, an emerging tumor suppressor, is commonly
deleted in cancer, marking an advantage of neoplastic cell
growth. Recent evidence, however, has linked WWOX function
with metabolism and normal CNS development and disease.
Over the years, the advantage of using complementary
approaches to research a protein as complex as WWOX has
repeatedly been made clear. Studies of WWOX at every level,

from sequence to structure to clinical implication, provide a
bigger picture of this versatile protein’s biological function.
However, many questions have gone unanswered, and still
more have been raised. The binding partner motifs identified
by pulldown experiments demand explanation for WWOX
WW1’s particular binding affinity. Lab experiments and homo-
logy modeling still have a way to go in exposing the exact mech-
anism behind WWOX activity. Also, studies of animal models
challenge the association of WWOX with cancer development
altogether, bringing our research full circle by re-examining the
most basic, underlying assumptions with which we began.
However, despite these loose ends, there is considerable overall
complementation and confirmation between studies. Several
animal models for WWOX have been generated and are being
intensively studied in different settings. WWOX loss is a hall-
mark of aggressive tumors and specific forms of CNS patholo-
gies. We will continue following WWOX along its many cellu-
lar pathways.
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