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Grabińska, Kariona A.,
18582

Gräslund, Astrid, 16485

Greene, Eric C., 11572

Guengerich, F. Peter,
20838

Guharoy, Mainak, 6723

Gunn, John S., 12538

H

Hill, Andrew F., 26589

Hooper, Nigel M., 3174,
19235

Horswill, Alexander R.,
12556

Howell, P. Lynne, 12529

Howitt, Jason, 26589

I

In, Julie, 3759

Ioannou, Maria S., 9929

Izard, Tina, 2548

J

Jarosz-Griffiths, Heledd H.,
3174

Jin, Yishi, 7796

K

Kavanaugh, Jeffrey S.,
12556

Kellett, Katherine A. B.,
19235

Konigsberg, William H.,
20869

Kovbasnjuk, Olga, 3759

Krebs, Joachim, 20849

L

Loftus, Róisín M., 1

Luchinat, Enrico, 3776

Luo, Jinghui, 16485

Lutsenko, Svetlana, 3757,
3767

M

Matarese, Giuseppe, 7221

McPherson, Peter S., 9929

Michael, Anthony J., 14896

Muyldermans, Serge, 3767

N

Noble, Elizabeth, 3174

Nolasco, Diego O., 6706

P

Park, Eon Joo, 18582

Pegg, Anthony E., 14904

R

Rajagopal, Sudarshan,
8969

Rushworth, Jo V., 3174

S

Sessa, William C., 18582

Shammas, Sarah L., 6689

Sheppard, Donald C.,
12529

Shilo, Ben-Zion, 7805

Silva, Jerson L., 15482

Smith, Jeffrey S., 8969

Stultz, Collin M., 6706

T

Thinakaran, Gopal, 19235

Thorner, Jeremy, 7788

Tompa, Peter, 6723

U

Uversky, Vladimir N., 6681

V

Valentini, Martina, 12547

Van Acker, Heleen, 12565

Vashishtha, Ashwani
Kumar, 20869

W

Walter, Jochen, 4334

Wang, Jiefei, 20858

Wang, Jimin, 20869

Wärmländer, Sebastian K.
T. S., 16485

Wek, Ronald C., 16927

Wicky, Basile I. M., 6689

Wozniak, Daniel J., 12538

Wright, Peter E., 6714

Y

Young, Sara K., 16927

Z

Zachos, Nicholas C., 3759

The Journal of Biological Chemistry

AUTHOR INDEX

iv JOURNAL OF BIOLOGICAL CHEMISTRY



Immunometabolism: Cellular
Metabolism Turns Immune
Regulator*
Published, JBC Papers in Press, November 3, 2015, DOI 10.1074/jbc.R115.693903

Róisín M. Loftus‡ and David K. Finlay‡§1

From the ‡School of Biochemistry and Immunology and §School of
Pharmacy and Pharmaceutical Sciences, Trinity Biomedical Sciences
Institute, Trinity College Dublin, Dublin 2, Ireland

Immune cells are highly dynamic in terms of their growth,
proliferation, and effector functions as they respond to immu-
nological challenges. Different immune cells can adopt distinct
metabolic configurations that allow the cell to balance its
requirements for energy, molecular biosynthesis, and longevity.
However, in addition to facilitating immune cell responses, it is
now becoming clear that cellular metabolism has direct roles in
regulating immune cell function. This review article describes
the distinct metabolic signatures of key immune cells, explains
how these metabolic setups facilitate immune function, and dis-
cusses the emerging evidence that intracellular metabolism has
an integral role in controlling immune responses.

Metabolic Challenges Facing Immune Cells

During the course of an immune response, immune cells can
traverse multiple tissues containing diverse conditions of nutri-
ent and oxygen availability. Additionally, in response to activa-
tion, immune cells often dramatically change their functional
activities; a lymphocyte transforms from a relatively inert cell to
a cell engaging in robust growth and proliferation, often pro-
ducing large amounts of effector molecules such as cytokines.
These microenvironmental and functional alterations repre-
sent significant metabolic stresses that are efficiently managed
by immune cells due their ability to dynamically reprogram
their cellular metabolism.

Inflammatory Microenvironments

Most normal tissue is well vascularized and replete with
nutrients and oxygen. However, during an immune response,
conditions in the local immune microenvironment can often be
significantly less accommodating due to competition for nutri-
ents. For example, tumor cells have a prodigious appetite for
glucose and other nutrients. As a result, the microenvironment
within solid tumors can become depleted of glucose, resulting
in decreased rates of glycolysis in tumor infiltrating lympho-
cytes (1–3). Bacterial infections can also compete for nutrients
with immune cells. Infection with Staphylococcus aureus, a

common human pathogen, can result in localized tissue
hypoxia due to elevated levels of oxygen consumption by the
invading bacteria. As glucose is a key fuel for this bacteria, the
levels of glucose available to immune cells will also be reduced
(4). Viral infection can also result in a decrease in the amount of
glucose that is available to infiltrating immune cells; viruses can
reprogram infected cells to up-regulate glucose uptake and
metabolism to facilitate viral replication (5–7). Additionally,
various cells at sites of inflammation can release enzymes that
consume nutrients in the local microenvironment, including
arginase and indoleamine-2,3-dioxygenase, which deplete argi-
nine and tryptophan, respectively (1). Inflammatory sites can
also become hypoxic due to the pronounced influx of inflam-
matory cells such as neutrophils and monocytes (8).

Dynamic Changes in Cellular Function

Immune activation is accompanied by substantial changes in
cellular activities, such as those accompanying T cell activation.
Naïve T cells are long-lived, relatively inert, exhibit low levels of
cellular biosynthesis, and primarily require ATP to meet cellu-
lar demands (Fig. 1A). Following activation, T cells undergo
substantial changes in function and engage in robust cellular
growth and rapid cellular proliferation (9). Essential in support-
ing these cellular activities is the provision of sufficient biomol-
ecules (amino acids, nucleotides, lipids) for the biosynthesis of
new cellular components. Therefore, in activated T cells, the
objectives of cellular metabolism have shifted from primarily
generating ATP to the generation of sufficient ATP plus large
amounts of biomolecules for the generation of biomass (10).
Therefore, immune cells adapt their cellular metabolism to
accommodate altered functional outputs.

Configuring Metabolism for Biosynthesis, Inflammation,
and Longevity

Aerobic Glycolysis for Cellular Biosynthesis

A common feature of pro-inflammatory immune cells is that
they adopt a distinct metabolic signature termed “aerobic gly-
colysis” to support cellular biosynthetic processes: that is, glu-
cose metabolized to lactate in the presence of abundant oxygen
(Fig. 1B). Aerobic glycolysis is adopted by cells engaging in
robust growth and proliferation because it provides the biosyn-
thetic precursors that are essential for the synthesis of nucleo-
tides, amino acids, and lipids (10). Many intermediates of the
glycolytic pathway act as a source of carbon that feeds into a
range of biosynthetic pathways (Fig. 1B). Therefore, for cells
engaged in aerobic glycolysis, the function of glucose is not just
as a fuel to generate energy but also as a source of carbon that
can be used for biosynthetic purposes (11). Hence, aerobic gly-
colysis provides immune cells with the components needed
to facilitate proliferation and the synthesis of inflammatory
molecules.

Metabolic reprogramming to aerobic glycolysis has advan-
tages beyond enhanced biosynthetic capacity. This metabolic
signature allows cells to adapt and survive as they encounter
metabolically restrictive conditions, such as hypoxia. Although

* This work was supported by Science Foundation Ireland (Grants 12/IP/1286
and 13/CDA/2161) and Marie Curie Actions (PCIG11-GA-2012-321603). The
authors declare that they have no conflicts of interest with the contents of
this article.

1 To whom correspondence should be addressed: School of Biochemistry and
Immunology, Trinity Biomedical Sciences Institute, 152-160 Pearse St.,
Trinity College Dublin 2, Ireland. Tel.: 353-1-8963564; E-mail: finlayd@
tcd.ie.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 1, pp. 1–10, January 1, 2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JANUARY 1, 2016 • VOLUME 291 • NUMBER 1 JOURNAL OF BIOLOGICAL CHEMISTRY 1

MINIREVIEW

mailto:finlayd@tcd.ie
mailto:finlayd@tcd.ie


hypoxia prevents efficient ATP synthesis through OxPhos,2
high rates of glycolysis can generate enough ATP to maintain
energy homeostasis. Glycolytic reprogramming involves in-
creased expression of glucose transporters, especially Glut1,
that facilitates elevated glucose uptake and enables immune
cells to compete for glucose in nutrient restrictive environ-
ments (12). Immune cells also have a degree of metabolic plas-
ticity in response to limiting glucose availability. For instance,
when glucose levels are low, effector T cells have the ability to
adapt and increase glutamine uptake and glutaminolysis to sup-
port cellular metabolism (13).

Aerobic Glycolysis in Activated Lymphocytes

Upon stimulation through antigen or cytokine receptors,
lymphocytes increase the rates of both glycolysis and OxPhos

(Fig. 2) (10). Although glucose is an essential fuel during T cell
activation, glutamine is also important, and effector T cell dif-
ferentiation is impaired when the supply of glutamine is dis-
rupted (9, 14, 15). T cells that differentiate into effector subsets
maintain aerobic glycolysis in response to various cytokines
(16). In contrast, FoxP3� regulatory T cells (Tregs) switch to
low levels of glycolysis and preferentially use oxidative
metabolism (17). However, another type of regulatory T cell,
FoxP3� regulatory T cells (Tr1), maintains elevated glycoly-
sis similar to effector T cells (18). Although many of the
functions of Tr1 cells overlap with those of Tregs, others are
unique to Tr1 cells including granzyme/perforin-mediated
cytolysis of target cells. Therefore, perhaps the distinct met-
abolic characteristics of these regulatory cells reflect the
different mechanisms through which they regulate T cell
responses. Similarly, B lymphocytes and NK cells also
increase rates of glycolysis and OxPhos in response to vari-
ous stimuli (19 –22). However, as metabolic analyses of B
lymphocytes have all been performed using in vitro stimu-
lated splenic B cells, the metabolic profile of distinct B cell

2 The abbreviations used are: OxPhos, oxidative phosphorylation; Treg, regu-
latory T cell; NK cell, natural killer; DC, dendritic cell(s); mTOR, mammalian
target of rapamycin; mTORC1, mTOR complex 1; HIF1�, hypoxia-inducible
factor 1�; TAG, triacylglyceride; CTL, cytotoxic T lymphocyte; AhR, aryl-
hydrocarbon receptor; Srebp, sterol regulatory element-binding protein.

FIGURE 1. Configuring metabolism to match immune cell function. A, ATP is the key molecule that provides energy for cellular processes. Maintaining
cellular ATP levels is essential for bioenergetic homeostasis and cell survival. Glucose, a key fuel source for mammalian cells, can be metabolized via two
integrated metabolic pathways, glycolysis and OxPhos, that efficiently convert this simple sugar glucose into ATP. Glycolysis converts glucose to pyruvate
through a series of enzymatic steps that occur in the cytosol, generating two molecules of ATP. Following its transportation into the mitochondria, pyruvate is
further metabolized to CO2 by the Krebs cycle, which drives OxPhos and the translocation of protons across the mitochondrial inner membrane. The resulting
proton gradient drives the enzyme ATP synthase, converting ADP to ATP, generating up to 34 ATP per molecule of glucose. In addition to the breakdown of
glucose via glycolysis, cells have the ability to metabolize alternative substrates, such as lipids and glutamine, which feed into the Krebs cycle and drive OxPhos.
Fatty acid �-oxidation and glutaminolysis replenish the Krebs cycle intermediates acetyl-CoA and �-ketoglutarate, respectively, thereby fueling OxPhos and
the efficient generation of cellular ATP. B, aerobic glycolysis supports biosynthetic processes of the cell as it allows the uptake of larger amounts of glucose and
the maintenance of elevated glycolytic flux. Glycolytic intermediates are then diverted into various pathways for the synthesis of biomolecules that support
biosynthetic processes. For instance, glucose 6-phosphate (G6P), generated by the first step in glycolysis, can feed into the pentose phosphate pathway (PPP)
to support nucleotide synthesis. This pathway also generates NADPH, a cofactor that is essential for various biosynthetic processes including lipid synthesis.
Glucose can also be converted into cytoplasmic acetyl-CoA via citrate in the Krebs cycle for the production of cholesterol and fatty acids for lipid synthesis.
Other glycolytic intermediates can also be converted into biomolecules used for protein and lipid synthesis. During aerobic glycolysis, a significant proportion
of pyruvate is also converted to lactate and secreted from the cell. Although aerobic glycolysis is an inefficient way to generate ATP (generating only two ATP
molecules per glucose) due to the high rates of flux through the pathway, the rate of ATP production can be sufficient to maintain energy homeostasis even
when mitochondrial ATP synthesis is impaired. Alternative fuels including glutamine feed into the Krebs cycle and can also supply biomolecules for biosyn-
thetic processes under certain conditions.
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subsets is currently unknown. Similarly, the metabolic sig-
natures of distinct NK subsets, or indeed other innate
lymphoid cells, also remain to be characterized.

Although the exact molecular mechanisms controlling
glycolytic metabolism are not universal for all lymphocyte
subsets, it is clear that mammalian target of rapamycin
(mTOR) has a fundamental role (10, 23). mTOR complex 1
(mTORC1) activity is essential for the initial induction of
glycolysis in T cells and is also required to maintain aerobic
glycolysis in effector T cells subsets (9, 23, 24). The data also
suggest that mTORC1 has an important role for cytokine-
induced glycolysis in NK cells (22). A number of transcrip-
tion factors are involved in glycolytic reprogramming of T
cells including both hypoxia-inducible factor 1� (HIF1�)
and c-Myc (9, 25, 26). In B cells, c-Myc but not HIF1� is
important for the glycolytic response (21). HIF1� and c-Myc
directly bind the promoters of an array of genes, notably
those of glycolytic enzymes and glucose transporters.

Aerobic Glycolysis in Myeloid Cells

Unlike lymphocytes, mature myeloid cells tend to be non-
proliferative and so have substantially different metabolic
requirements. Activated M1 macrophages, dendritic cells (DC),
and granulocytes are all highly glycolytic with little or no flux
through OxPhos (27–32). In activated M1 macrophages and
DC, OxPhos is inactivated following inducible NOS-dependent
nitric oxide production, which directly inhibits oxidative phos-

phorylation (33, 34). In these cells, the Krebs cycle is no longer
cycling, which allows the repurposing of Krebs cycle enzymes
to generate molecules that are important for proinflammatory
functions (27, 33). M1 macrophages generate high levels of the
Krebs cycle metabolite succinate, which can lead to increased
HIF1� activity and sustained IL1� production (27). Levels of
citrate are also elevated and are used to generate the antimicro-
bial metabolite itaconic acid that inhibits the growth of bacteria
such as Salmonella enterica and Mycobacterium tuberculosis
(34, 35). The metabolic changes following DC activation occur
in two phases and result in a metabolic switch from fatty acid
�-oxidation and OxPhos to glycolysis (33). An initial increase in
glycolysis occurs within minutes of DC activation to support de
novo lipid biosynthesis, facilitating the expansion of endoplas-
mic reticulum and Golgi apparatus and increasing the biosyn-
thetic capacity that is essential for mature DC function (36).
Over the course of 18 h, activated DC sustain elevated glycolysis
and inactivate OxPhos (33). This metabolic shift is important in
regulating DC-induced T cell responses, in part due to the fact
that it impacts upon DC lifespan and thus the duration over
which DC can activate T cells (37, 38). The metabolism of gran-
ulocytes is best characterized for neutrophils, which rely almost
entirely on glycolysis and exhibit very low levels of OxPhos
(28 –30, 39). Neutrophil effector functions, including the for-
mation of neutrophil extracellular traps, require mTORC1/
HIF1� signaling and glucose metabolism (29, 30, 39 – 41).

FIGURE 2. Distinct metabolic configurations of different immune cell subsets. Blue panels represent cells with oxidative metabolism, and red panels
represent cells with glycolytic metabolism. A, naïve T cells use glucose and glutamine and OxPhos. B, effector lymphocytes and Tr1 regulatory T cells have high
rates of both glycolysis and OxPhos, metabolize glucose to lactate, and use metabolic intermediates to support biosynthetic processes. Nuc, nucleotides; FA,
fatty acids; AA, amino acids; Lac, Lactate. C, memory T cells use glucose to generate mitochondrial citrate, which is exported into the cytosol to support lipid
synthesis. These de novo synthesized fatty acids are used with imported glycerol to generate and store TAGs. OxPhos is fueled by acetyl-CoA generated
following �-oxidation of these TAGs. FAO, fatty acid oxidation; FAS, fatty acid synthesis. D, FoxP3� regulatory T cells use exogenously derived fatty acids
metabolized by �-oxidation to support OxPhos. E, M1 macrophages and mature DC engage aerobic glycolysis for ATP synthesis and to support biosynthesis
while also inactivating OxPhos. F, M2 macrophage metabolism is characterized by fatty acid �-oxidation and OxPhos. �-Oxidation is fueled by lipids that are
scavenged from the external microenvironment and also by lipids generated by de novo fatty acid synthesis. G, neutrophils are highly glycolytic with few
functional mitochondrial and very low rates of OxPhos.
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Although the metabolism of other granulocytes such as baso-
phils and eosinophils remains poorly characterized, there is
some evidence that these cells are also glycolytic and rely upon
metabolic regulators such as HIF1� to maintain glycolysis and
normal function (42). For instance, HIF1� accumulation upon
basophil activation was shown to be required for VEGF and IL4
production (42).

Oxidative Cellular Metabolism in Naïve Lymphocytes and
Memory T Cells

As previously mentioned, naïve lymphocytes are relatively
inert cells with limited biosynthetic demands, and so ATP alone
is relatively sufficient to sustain these cells. Given that these
cells reside in well oxygenated tissues, oxidative metabolism is
a consistent and efficient way to meet cellular metabolic
demands. Memory cells generated during the course of an
immune response share many of the same characteristics of
naïve lymphocytes; they are long-lived, relatively inert cells
with limited biosynthetic demands. As nothing is known
regarding the metabolism of memory B cells, only memory T
cells will be considered here. The key distinction between naïve
and memory T cells is the rapid recall responses characteristic
of memory T cells when compared with primary T cell
responses. Although both naïve and memory T cells adopt oxi-
dative metabolism, there are key differences in the metabolic
configurations of these cells that contribute to rapid memory T
cell recall responses. Memory T cells predominantly use fatty
acid �-oxidation to generate acetyl-CoA to fuel OxPhos (43)
(Fig. 2). �-Oxidation is an efficient method for generating ATP
with each fatty acid molecule generating significantly more
ATP (about 106 ATP/molecule of palmitate) when compared
with one molecule of glucose (about 36 ATP/molecule of glu-
cose). Indeed, fatty acid oxidation is essential for rapid memory
T cell responses (43). Interestingly, these fatty acids are not
taken up from the surrounding microenvironment, but rather
memory T cells use glucose and glycolysis to generate citrate for
de novo fatty acid synthesis and the generation and storage of
triacylglycerides (TAGs) (44, 45). These endogenously derived
TAGs are then broken down by �-oxidation in the mitochon-
dria to generate acetyl-CoA to fuel OxPhos (45). From a bioen-
ergetics standpoint, this would seem like an inefficient mecha-
nism to fuel OxPhos as fatty acid synthesis utilizes both ATP
and NADPH. Nonetheless, this seemingly futile cycle of fatty
acid synthesis and fatty acid oxidation is important for memory
T cell survival (44, 45). This approach may be taken by memory
T cells, for which long term survival is of utmost importance, as
glucose levels are stringently controlled in the blood, making
glucose a more dependable fuel source than fatty acids, whose
levels can vary in different tissues. Another advantage of this
cycle of fatty acid synthesis and oxidation may be that it allows
the cell to concurrently engage both glycolysis and OxPhos,
thus maintaining the machinery required for rapid induction of
metabolic flux through these pathways upon antigen recogni-
tion and so facilitating rapid functional responses. Indeed,
memory T cells can induce rates of glycolysis much more rap-
idly and robustly than naïve T cells (43, 46).

Oxidative Cellular Metabolism in Cells with Significant
Biosynthetic Output

FoxP3� Tregs also primarily engage in oxidative metabolism,
but in contrast to naïve lymphocytes and memory T cells,
FoxP3� Tregs are not inert cells and are in fact producing rel-
atively large quantities of biomolecules (17, 47). Tregs make
immunosuppressive cytokines IL10 and TGF� and can also
engage in cellular proliferation in response to IL2. In this
respect, M2 macrophages are similar to FoxP3� Tregs; M2
macrophages engage in oxidative metabolism and yet have sig-
nificant biosynthetic outputs. M2 macrophages have roles in
tissue repair and secrete anti-inflammatory cytokines, growth
factors, and factors involved in tissue remodeling (48). Tregs
and M2 macrophages oxidize both glucose and fatty acids in the
mitochondria to sustain OxPhos (17, 49 –52). In contrast to
memory T cells, Tregs fuel �-oxidation and the Krebs cycle
using exogenously derived fatty acids. Meanwhile, in M2
macrophages, there is evidence that both exogenously derived
lipids scavenged from the microenvironment and de novo syn-
thesized lipids fuel �-oxidation and OxPhos (52). It is likely that
Tregs and M2 macrophages use glutamine metabolites to sus-
tain cellular biosynthetic processes (Fig. 1) (53). Indeed, M2
macrophages have increased glutamine metabolism when
compared with M1 macrophages (34). Additionally, given that
M2 macrophages are professional scavengers of apoptotic
debris, it is tempting to speculate that M2 macrophages sustain
cellular biosynthesis using biomolecules scavenged from the
surrounding microenvironment (48, 52).

Oxidative Metabolism Supports Immune Cell Longevity

Controlling the longevity of immune cells is an important
aspect of a healthy immune system. For example, a long lifespan
(years) is essential for naïve and memory T cells to maintain
functional primary and recall T cell responses. In contrast, it is
crucial that upon resolution of a viral infection, the large pop-
ulation of CTL undergoes apoptosis as these effector T cells
have the potential to cause significant immunopathology (54).
Therefore, CTL have a short lifespan of days to weeks. Similarly,
differences in lifespan are apparent in different subsets of
macrophages. M1 macrophages are short-lived and are a key
component of the innate immune system that forms the first
line of defense occurring within hours to days of an immuno-
logical challenge. In contrast, M2 macrophages are longer-lived
as they have important roles within the resolution phase and in
tissue repair and remodeling. Strikingly, the cellular metabolic
signature of an immune cell corresponds to the longevity of the
cell; aerobic glycolysis is characteristic of short-lived immune
cells, whereas oxidative metabolism is characteristic of long-
lived cells (Fig. 2).

It is perhaps unsurprising that OxPhos is important for lon-
gevity in immune cells given the importance of mitochondrial
membrane potential in controlling the induction of apoptosis.
Certainly, in activated DC, preserving OxPhos results in an
increased cellular lifespan (38). Moreover, in macrophages,
switching cellular metabolism from glycolysis to oxidative
metabolism promotes a shift from short-lived M1 macrophages
to longer-lived M2 macrophages (50). In addition, manipulat-
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ing glycolytic versus oxidative metabolism impacts upon the
formation of long-lived memory T cells; inhibiting glycolysis
promotes memory T cell formation, whereas inhibiting fatty
acid oxidation-dependent OxPhos represses memory T cell
formation (55, 56). These reports are consistent with a number
of other studies that also support the notion that promoting
oxidative phosphorylation enhances cell survival and lifespan
(57–59). On the other hand, there are also numerous reports on
a variety of cell types showing that manipulating glycolytic
metabolism has profound impacts upon cellular viability (60 –
64). Growth factors that promote elevated levels of cellular gly-
colysis also have the consequence of making that cell highly
dependent on continued growth factor signaling and glycolysis
for survival (64). This provides an elegant mechanism for ter-
minating effector T cell responses. For instance, glycolytic
metabolism in CD8� CTL is sustained by IL2, and upon IL2
withdrawal, as will occur upon resolution of a viral infection,
glycolytic metabolism is rapidly lost and the CTL will die (24,
65).

Metabolic Control of Immune Cell Function

Metabolic Enzymes or Regulators Controlling Immune Cell
Function

Cellular metabolism is crucial for facilitating immune cell
functions, but in addition, there is emerging evidence that met-
abolic enzymes and regulators can also have a direct role in
controlling immune cell functions. For instance, in CD4 T cells,
GAPDH has been described to bind to the 3�-UTR of IFN� and
IL2 mRNA and inhibit translation (66). This function of
GAPDH is perhaps unsurprising due to the numerous reports
describing RNA binding activities for GAPDH over the past
two decades (67–70). Indeed, in myeloid cells, GAPDH is a
component of the IFN�-activated inhibitor of translation
(GAIT) complex that binds defined 3�-UTR elements within a
family of inflammatory mRNAs and suppresses their transla-
tion (71). Importantly, GAPDH functions in glycolysis and
mRNA binding are likely to be mutually exclusive so that in
glycolytic cells, GAPDH is preferentially engaged in glycolysis,
and thus the translation of IFN� and IL2 mRNA is uncon-
strained. This mechanism provides a direct link between rates
of glycolysis and the expression of important immunological
effector molecules. Intriguingly, it appears that many other
metabolic enzymes can bind to mRNA molecules including
numerous glycolytic enzymes, Krebs cycle enzymes, and
enzymes involved in other metabolic pathways (72). Although
the specific mRNA transcripts that these metabolic enzymes
bind to still have to be identified, this study highlights the abun-
dant potential for cellular metabolism to directly impact upon
cellular functions.

Various metabolic regulators that evolved to control cellular
metabolic pathways have since acquired roles in directly con-
trolling immune cell function. The glycolytic regulator HIF1�
also promotes the expression of IL1� in M1 macrophages and
programmed death ligand-1 (PD-L1), a ligand for the immune
checkpoint receptor PD-1, on various myeloid cells (27, 73).
The aryl-hydrocarbon receptor (AhR), which together with
HIF1� controls glycolytic metabolism in Tr1 regulatory T cells,

also directly regulates T cell responses. AhR promotes Th17
differentiation, while inhibiting Treg differentiation, and is
required for the production of the Th17 cytokines IL17 and
IL22 (74 –76). Additionally, AhR is important for Tr1 regula-
tory T cell differentiation, directly promoting the expression of
IL10 and IL21 (18, 77). The transcription factor sterol regula-
tory element-binding protein (Srebp), a central regulator fatty
acid and cholesterol synthesis, has dual roles in controlling T
cell metabolism and directly controlling genes required for
immune function. CD8� T cells lacking Srebp activity fail to
undergo metabolic reprogramming and blastogenesis and do
not mount a functional T cell response (78). In CD4� T cells,
the Srebp1c isoform is involved in Th17 differentiation and
directly binds to the IL17 promotor to inhibit AhR-induced
IL17 expression (79). Moreover, the Srebp1a isoform is
required for pro-inflammatory functions in myeloid cells,
including IL1� production, as it promotes the expression of a
key component of the inflammasome, Nlrp1 (80). Therefore,
there is growing evidence that multiple important regulators of
cellular metabolism have additional functions in directly con-
trolling immune responses.

Metabolites Controlling Immune Cell Function

Distinct metabolic configurations will result in different lev-
els of metabolites that can directly impact upon cellular func-
tion. It has recently been shown that the glycolytic intermediate
phosphoenolpyruvate is important in sustaining T cell receptor
(TCR) signaling and T cell effector functions. Phosphoenolpy-
ruvate inhibits Ca2� re-uptake into the endoplasmic reticulum,
thus sustaining nuclear factor of activated T-cells (NFAT) sig-
naling (2). Mitochondrial reactive oxygen species generated as a
side product of OxPhos are also important for optimal TCR
signal transduction. T cells that cannot produce mitochondrial
reactive oxygen species fail to activate nuclear NFAT, produce
IL2, or engage in proliferative expansion (81). In M1 macro-
phages, the levels of Krebs cycle metabolites are substantially
altered, leading to dramatically elevated levels of succinate, the
stabilization of HIF1�, and prolonged production of IL1�
(27, 34). Succinate can stabilize HIF1� by inhibiting the
�-ketoglutarate-dependent prolyl-hydroxylases responsible for
tagging HIF1� for proteasomal degradation (27, 82, 83). Indeed,
succinate can inhibit other �-ketoglutarate-dependent en-
zymes that can impact upon immune cells due their roles in
controlling cellular epigenetics, namely TET2 DNA hydroxy-
lates and Jumonji C (JmjC) domain-containing histone demeth-
ylases (discussed further below) (84, 85). Succinate can act as a
signaling molecule that acts through the receptor SUCNR1 and
can also be used as a substrate for the post-translational modi-
fication of proteins (that is, succinylation) (86). Succinate acting
through SUCNR1 impacts upon DC functions and also induces
DC chemotaxis to enhance DC-induced T cell responses (87).
Numerous metabolic enzymes are succinylated on lysine resi-
dues, but at present, it is not clear whether this modification
impacts upon the regulation of immune responses (86). Citrate
levels are also elevated in M1 macrophages, and this metabolite
is important for the production of various proinflammatory
molecules: nitric oxide, reactive oxygen species, and prosta-
glandins (27, 88).
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Cellular metabolites are also important substrates for various
enzymes involved in the epigenetic control of gene expression
via covalent modification of DNA and histones. Given that the
distinct metabolic configurations that characterize immune
cells result in different levels of these cellular metabolites, it
follows that the epigenetic control of gene expression will differ
in parallel with differences in metabolism. For example, TET
family enzymes, which oxidize methylcytosine, leading to DNA
demethylation, and JmjC domain-containing histone demeth-
ylases both require �-ketoglutarate as a substrate and are both
inhibited by succinate (Fig. 3). Indeed, TET2 has recently been
shown to regulate the expression of IFN�, IL17a, and IL10 in
Th1 and Th17 cells (89). Jmjd3 has been shown to be of partic-
ular importance in controlling gene expression in LPS-stimu-
lated macrophages (90). Acetylation of histones is another post-
translational modification that impacts on DNA structure and
gene expression. Acetylation of histones by histone acetyl
transferases (HATs) requires acetyl-CoA, which is supplied via
the export of mitochondrial citrate (Fig. 3). Indeed, there is
evidence in yeast that the concentration of acetyl-CoA is
important for histone acetylation (91). Histone acetylation lev-
els are also controlled by the rate of deacetylation. The activity
of sirtuin histone deacetylases is linked to cellular metabolism
as these deacetylases are sensitive to the ratio of oxidized
NAD� to reduced NADH, which is affected by the balance of
glycolysis and OxPhos (92). Oxidized NAD� is an essential sub-
strate for sirtuins, whereas reduced NADH acts to inhibit sir-
tuin activity (Fig. 3) (93). In fact, sirtuins can also deacetylate
targets other than histones, which are important in immune

regulation. For example, Sirt1 deacetylates FoxP3 to inhibit
Treg responses and ROR�t to promote Th17 responses (94 –
97). Additionally, sirtuins can also have a negative impact upon
inflammatory responses, in part through inhibition of NF�B
activity (98, 99). Although there are numerous studies suggest-
ing that cellular metabolism impacts upon epigenetic program-
ming of immune cells to affect immune cell fate and function,
the best evidence of this comes from a study of trained immu-
nity in macrophages. Cheng et al. (92) elegantly demonstrated
that mTORC1/HIF1�-stimulated glycolysis is required for
changes in the epigenome of human or murine myeloid cells
that provides enhanced nonspecific protection from secondary
infections. Therefore, it is clear that metabolites can impact
directly on immune cell function, and it is likely that further
examples of this will be revealed as the field of immunometabo-
lism progresses.

Immune Metabolism Relays External Signals to Regulate
Immune Cell Function

The data now support an important role for cellular metab-
olism in controlling the function of immune cells. Given that
metabolic regulators and pathways are acutely sensitive to
external levels of nutrients, oxygen, and growth factors, cellular
metabolism represents a means to relay information from the
local microenvironment to modulate immune cell function
accordingly. Nutrients such as glucose, glutamine, and fatty
acids that directly supply metabolic pathways also regulate the
activity of important regulators of immune metabolism and
function including mTORC1, HIF1�, and Srebp. Other nutri-

FIGURE 3. Links between cellular metabolism and epigenetic modifications. Histone deacetylation by sirtuin (SIRT) family members requires NAD� as a
substrate, and the activity of these enzymes is inhibited by NADH. The balance of oxidized NAD� and reduced NADH is affected by levels of glycolysis and
OxPhos. Methylation of DNA and histones is controlled by the rates of methylation and demethylation. The activities of JmjC domain-containing histone
demethylases and the TET2 hydroxylase lead to histone and DNA demethylation, respectively, and can be regulated by Krebs cycle intermediates �-ketogl-
utarate (�-KG) and succinate (Succ). �-Ketoglutarate is a substrate for these enzymes, and succinate acts as an inhibitor. NAM, nicotinamide; HDM, histone
demethylase; SAM, S-adenosylmethionine.
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ents are important for providing the substrates for enzymes
that impact upon immune cell function. For example, methio-
nine, which is an essential amino acid and so must be imported
into the cell, is used to generate S-adenosylmethionine for epi-
genetic methylation of DNA and histones. Although most stud-
ies have focused on how activating immune receptors affect
cellular metabolism, it is now becoming apparent that ligation
of inhibitory receptors also alters metabolic pathways. Recent
research has demonstrated that ligation of the inhibitory recep-
tors PD-1 and CTLA-4 expressed on human CD4 T cells has
pronounced effects on cellular metabolism, inhibiting aerobic
glycolysis, and in the case of PD-1, promoting fatty acid oxida-
tion (100). These data suggest that the inhibitory actions of
these receptors may be mediated, at least in part, due to changes
in cellular metabolism.

Final Comments

The emerging data now argue that metabolism has duel roles
in immune cells to facilitate requirements for energy and bio-
synthesis and to directly regulate immune cell functions. There
are likely to be numerous opportunities for novel therapeutic
strategies that modulate this metabolic regulatory axis.
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The cytoskeletal protein vinculin is a major regulator of cell
adhesion and attaches to the cell surface by binding to specific
phospholipids. Structural, biochemical, and biological studies
provided much insight into how vinculin binds to membranes,
what components it recognizes, and how lipid binding is regu-
lated. Here we discuss the roles and mechanisms of phospholip-
ids in regulating the structure and function of vinculin and of its
muscle-specific metavinculin splice variant. A full appreciation
of these processes is necessary for understanding how vinculin
regulates cell motility, migration, and wound healing, and for
understanding of its role in cancer and cardiovascular diseases.

Inositol phospholipids are crucial regulators of cell physiol-
ogy, and their head group interactions play fundamental roles
in controlling membrane/cytosol interfaces. In addition to sig-
nal transduction at the cell surface, these lipids regulate a range
of cellular processes including membrane trafficking, polarity,
nuclear events, the permeability and transport functions of
membranes, and cytoskeletal organization. Phosphoinositides
are spatially and temporally regulated at sites of actin assembly
andcytoskeletonremodeling.Phosphatidylinositol4,5-bisphos-
phate (PIP2)2 is a precursor of the second messengers diacyl-
glycerol, inositol 3,4,5-trisphosphate, and phosphatidyl 3,4,5-
trisphosphate and is crucial in the organization of the actin
cytoskeleton at the plasma membrane (1). PIP2 participates in
the recruitment and activation of a wide variety of adaptor pro-
teins and actin regulatory proteins. During the assembly of focal
adhesions (FAs), the cytoskeletal protein talin recruits an iso-
form of phosphatidylinositol 4-phosphate 5-kinase (PIP5K�90)
that catalyzes the phosphorylation of phosphatidyl 4-phos-

phate to generate a local enrichment of PIP2 (2– 4). This local-
ized pool of PIP2 is critical for the subsequent recruitment of FA
proteins and maturation of the FAs (5, 6). Vinculin is an early
and essential component of nascent cell-matrix adhesion and
acts as a scaffold by binding to several actin-organizing pro-
teins. In mature FAs, vinculin is a key component of the “molec-
ular clutch” that mediates the transmission of force from cyto-
plasmic F-actin to membrane-bound integrins (7–9). Cytosolic
vinculin mainly adopts a closed conformation that is kept inac-
tive through extensive hydrophobic interactions of its globular
91-kDa head (VH, residues 1– 840) that harbors binding sites
for talin, �-actinin, or �-catenin to VH (10 –13) and its 21-kDa
tail (Vt, residues 879 –1066) domains (14, 15), which are con-
nected via a proline-rich linker (Fig. 1, A and B). The intramo-
lecular VH-Vt interaction masks the binding sites of F-actin
(16, 17), PIP2 (18), and raver1 (19, 20) to Vt. Cytoplasmic vin-
culin must be recruited to FAs and activated to expose ligand-
binding sites through a complex process that is not completely
understood (21).

Vinculin is essential during development due to its role in
regulating adhesion and motility, as well as cell spreading (22–
24). Mice lacking both isoforms of the vinculin gene die during
embryogenesis by embryonic day 10 (22). Vinculin-null mouse
embryo fibroblasts are viable but generate small non-functional
FAs and display marked defects in the organization of the actin
cytoskeleton and in cell spreading (22). These defects can be
rescued by the exogenous introduction of wild-type vinculin
fused to the GFP. However, GFP-vinculin constructs contain-
ing specific mutations that specifically prevent PIP2 binding
without compromising other vinculin functions are unable to
rescue any of the vinculin-null phenotypes (25). Thus, PIP2
binding by vinculin is critical for the assembly of functional FAs
in vivo.

The recently published PIP2-bound vinculin crystal structure
(25) has resolved some of the controversy about the role of
PIP2-bound vinculin in FAs. Here we summarize these and
other results that underscore the key role of vinculin in orga-
nizing FAs and the roles and mechanisms of phospholipids in
regulating the structure and function of vinculin and of its mus-
cle-specific metavinculin (MV) splice variant.

Identification of the PIP2-binding Site

Despite considerable efforts, determination of the lipid bind-
ing specificity of vinculin had been elusive until recently. Part of
the problem is that because intact full-length vinculin does not
bind phospholipids effectively, it was necessary to use trun-
cated vinculin fragments, and many of these were unstable
(26 –32). In particular, deletion of the last 15 residues destabi-
lizes Vt (31), probably because it disrupts the interaction of
strictly conserved Trp-1058 with Trp-912. Furthermore, pure
lipid micelles might act as detergents, and other artifacts might
have convoluted interpretation (33). Identification of the PIP2-
binding site on vinculin was further complicated by the fact that
the known conserved phosphoinositide- and PIP2-binding
motifs are not present in vinculin. Originally, vinculin residues
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on �-helices H3 (935–978; Fig. 1C) and H5 (1020 –1040) were
proposed to interact with acidic phospholipids (34), and the N
terminus (residues 893–985) and C terminus (residues 1016 –

1066) were identified as possible PIP2-binding sites (35). In
addition, lipid binding and insertion studies suggested that vin-
culin �-helices H2-H3 (residues 916 –970) harbor the lipid
binding and insertion activity of vinculin (27). The bulk of the
data indicates that activated vinculin binds most avidly to acidic
phosphoinositides and that PIP2 is the most likely in vivo ligand.

The recent Vt�PIP2 co-crystal structure showed that the Vt C
terminus, two residues on the H1-H2 loop, and two residues on
H3 bind to PIP2, whereas the Vt N terminus is unfurled as a
consequence of the interaction (25). The structure also revealed
that PIP2 binding directs alterations in vinculin structure that
promote oligomerization. The identified PIP2-binding site is
located �12 Å from residues implicated in F-actin binding.
Thus, simultaneous binding of PIP2 and F-actin by a single vin-
culin molecule is structurally possible (Fig. 2). Identification of
the PIP2-binding sites also allowed the development and anal-
ysis of mutant vinculin molecules specifically deficient in lipid
binding (25).

Possible Roles of PIP2 Binding in Vinculin Recruitment
and Activation

Because PIP2 is locally enriched in the plasma membrane
associated with nascent FAs and because vinculin binds lipids,
it was originally proposed that PIP2 binding by vinculin might
represent a mechanism for recruitment and activation of vin-
culin in maturing FAs (36). However, several observations are
inconsistent with this notion. Most of the ligand-binding sites

FIGURE 1. Structure and sequence alignment of vinculin and MV. A, the
vinculin head domain, VH, is composed of three structurally similar domains
(Vh1, residues 1–258; Vh2, 257– 486; and Vh3, 492–715) and Vt2 (residues
719 – 823). Vh1 and the five-helix bundle tail domain, Vt (879 –1066) or MVt
(947–1134) in MV, clamp meta/vinculin in its inactive conformation. MV har-
bors an additional 68-residue insert (shown in red) in its tail domain com-
posed of the distinct extended N-terminal coil (red), �-helices 1� (red), and 2–5
versus �-helices 1–5 (1 instead of 1�) in vinculin. PPP, pro-rich linker. B, human
full-length vinculin crystal structure. Vt �-helices (here labeled H1–H5) are
colored spectrally (H1, red; H2, orange; H3, yellow; H4, green; H5, blue), and the
Vh1 domain is colored in magenta. C, alignment of all 26 known Vt and 30 MVt
sequences shows the variations from human Vt that are greatest in the dis-
tinct extended coil and �-helix H1 (residues 880 –910; distinct Vt residues
shown in blue, His-906) for which those MV species are shown that have muta-
tions in that region. For the remainder, Vt residues 911–1066 with deviations
in Vt or MVt (labeled in blue font) from the human Vt sequence are underlined
in bold and italicized (Gly-940, Thr-944, Ala-970, Phe-1054). Vt residues that
bind PIP2 are shown in red (Ser-911, Lys-913, Lys-944, Arg-945, Lys-1061), and
those that are involved in lipid-induced dimerization are shown in blue (His-
906, Trp-1064, Tyr-1065). �-Helices H1 (or H1� in MV) through H5 are indicated
by 1 through 5 below (and colored spectrally as in panel B) and human Vt
numbering above the sequence. H. s., Homo sapiens; G. g., Gallus gallus; S. s.,
Sus scrofa; T. m., Trichechus manatus; F. c., Felis catus; C. h., Capra hircus; B.s.,
Balaenoptera acutorostrata Scammoni; R. n., Rattus norvegicus; X. l., Xenopus
laevis; C. m., Chelonia mydas.

FIGURE 2. Sequential lipid and F-actin-binding site activation on vinculin.
Vt (�-helices H1 through H5 are colored spectrally as in Fig. 1B; PIP2 is shown
as spheres) has two PIP2-binding sites: the dimerization site 1 involving the
H1-H2 loop (residues Ser-913, Lys-915) and the C terminus (Lys-1061), and site
2 involving H3 (Lys-944 and Arg-945). Hydrolysis of PIP2 bound to the second
site exposes the actin-binding site while still keeping the lipid-induced Vt
dimer bound to the plasma membrane. F-actin subunits, based on the cryo-
electron microscopy Vt-F-actin structure (77), are shown in gray or black.
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on vinculin (17, 18, 35, 37– 40) including that for PIP2 are
blocked by the nanomolar head-tail interaction of cytoplasmic
vinculin. Further, recombinant vinculin only binds PIP2 after
activation by talin (25), and native full-length vinculin does not
bind acidic phospholipids spontaneously (27). More recently,
three independent studies have shown that mutant vinculin
molecules deficient in PIP2 binding are recruited to FAs,
although these FAs are non-functional (33, 41, 42). It has
recently been proposed that inactive vinculin is recruited to
FAs at the plasma membrane by phosphorylated paxillin (8, 43)
where it is activated via a complex process that probably
involves binding of multiple ligands including talin and actin
(44).

Talin is often cited as the master activator of vinculin. How-
ever, talin is also recruited to FAs in an auto-inhibited state that
must be activated by binding of ligands, which may include
PIP2, vinculin, and actin, and requires the engagement of the
actomyosin contractile machinery (6, 21). Thus, talin and vin-
culin probably work in concert to activate one another through
pathways that are not clearly understood. Building on previous
work, a recent study (21) led to the following proposal: Auto-
inhibited talin is recruited to FAs through binding of actin to
the actin-binding site (ABS3) at the C terminus or through
interactions of the N-terminal domain to integrins, PIP2, or
other FA components. The head-rod interaction is then at least
partially disrupted, perhaps by PIP2, to allow the N-terminal
FERM domain to activate integrins and tether talin to the
plasma membrane. Actin binding to the ABS3 domain and the
application of actomyosin-mediated tension then stretch talin
to expose cryptic high affinity vinculin-binding sites and addi-
tional actin-binding domains. Binding of vinculin to these
newly exposed sites would contribute to vinculin activation as
well as stabilizing the extended talin to allow further stretching
and vinculin binding in a self-reinforcing manner. In this study,
several additional observations were made that are germane to
the topic of this review. Cells expressing talin with mutations in
the ABS3 domain that compromise actin binding do not
develop functional FAs, and the mutant talin is not associated
with actin filaments. However, co-expression of a constitutively
active T12 vinculin mutant (D974A,K975A,R976A,R978A) (45)
fully rescued FA formation (46). Inclusion of the vinculin A50I
mutation, which inhibits vinculin-talin binding, prevented this
rescue. The authors proposed that alternative pathways that
(partially) activate vinculin, such as those involving PIP2 bind-
ing, may bypass the role of actin binding to the talin ABS3
domain to contribute to FA formation and stabilization. Thus,
although PIP2 binding has been assigned an auxiliary role in
vinculin activation, it may be more important than currently
appreciated.

Possible Roles of PIP2 Binding in FA Turnover

The regulation of the connections of the actin cytoskeleton
with the cell membrane and the adhesion of neighboring cells
or cells with the extracellular matrix (ECM) are crucial to many
physiological and pathological processes including migration,
differentiation, proliferation, and survival, as well as tissue
organization, wound healing, and tumorigenesis. These are
dynamic processes, and the responsible macromolecular com-

plexes, such as FAs, display a dynamic assembly/disassembly
behavior that is critical for proper function. Fluorescence
recovery after photobleaching (FRAP) and related techniques
have shown that most FA components are rapidly exchanging
with a cytoplasmic pool in a highly regulated fashion (47, 48).
Many, if not most, of the protein components of FAs display
residence times within the FA of less than a minute. Recent
studies (49, 50) have demonstrated that the exchange process is
regulated to a large degree by actomyosin-generated tension
and that vinculin is a key component that integrates both the
recruitment and the release of other FA proteins in response to
force.

Treatment of cells with blebbistatin, which inhibits actin-de-
pendent myosin II activity, causes disassembly of FAs and the
release of vinculin, zyxin, and paxillin (48). A follow-up study
showed that treatment with the Rho kinase inhibitor Y-27632
resulted in disruption of the FA association actin network and
the release of eight different FA components, including vincu-
lin (49). FRAP assays from both studies revealed that release of
vinculin following actomyosin relaxation is a first-order pro-
cess mediated by an increased koff value.

Using vinculin-null mouse embryonic fibroblasts (MEFvin�/�)
cells, it was recently shown that treatment with the actin-dis-
rupting drugs blebbistatin, Y-27632, or cytochalasin D resulted
in the rapid release of full-length wild-type vinculin but not that
of mutant vinculin constructs containing C-terminal deletions
(vin258, residues 1–258; and vin880, residues 1– 880) or muta-
tions that render vinculin constitutively active (T12) (50). The
“stabilization” of FA in the presence of actin-disrupting drugs
by vin880, which lacks the actin-binding domain, including the
PIP2-binding sites, was shown to prevent the dissociation of a
number of other FA components. This was interpreted to indi-
cate that wild-type vinculin in high tension areas of the cell
plays a major role in the recruitment and retention of core
FA components. The constitutively active vinT12 mutant
that retains actin binding properties is also stabilized within
FA under conditions that disrupt the force-generating machin-
ery via a mechanism that requires binding to talin. It should be
appreciated that these “stabilized” FAs are not fully functional.
Expression of these mutant forms of vinculin in B16F10 mela-
noma cells or MEFvin�/� cells impaired polarized migration
(50). These results support the view that the spatio-temporal
cycling of vinculin from an activated to an inactivated form, in
response to differences in the magnitude of actomyosin-gener-
ated force, may be critical for efficient cell migration.

Three independent studies have directly addressed the role
of lipid binding by vinculin in recruitment to FAs and FA turn-
over (33, 41, 42). Introducing a lipid binding-deficient mutant
vinculin-LD (K952Q,K956Q,R963Q,K966Q,R1060Q,K1061Q)
in B16-F1 mouse melanoma cells expressing endogenous wild-
type vinculin resulted in vinculin-LD recruitment to FAs but
acted in a dominant negative manner to significantly reduce FA
turnover, resulting in impaired cell spreading and migration
(41). Elevation of PIP2 levels by the overexpression of PIP5K� in
B16-F1 cells induces release of wild-type vinculin from FAs, a
behavior that was significantly suppressed by the expression of
vinculin-LD. Thus, PIP2 binding by vinculin might function as a
mechanism for vinculin release from FA. In another study, a
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lipid binding-deficient mutant of vinculin lacking the last 14
amino acids of the C terminus was expressed in MEFvin�/�

cells (42). The mutant vinculin was recruited to FA-like struc-
tures, but these structures were much more stable than FAs
formed upon reintroduction of wild-type vinculin, and they
were not able to rescue the spreading defect of MEFvin�/�

cells. These two studies led to similar conclusions, although
there is some concern that the mutations in these constructs
might compromise other aspects of vinculin function. Based on
the identification of the PIP2-binding site by x-ray crystallogra-
phy, we generated vinculin mutants that are specifically
impaired in PIP2 binding (K944Q,K945Q and K1061Q) (25).
We were able to demonstrate that the expression of wild-type
GFP-tagged vinculin was able to rescue the cell spreading and
migration defects of MEFvin�/� cells and to re-establish an
organized actin network. However, when the lipid binding-de-
ficient mutants where expressed to comparable levels, they
were recruited effectively to FA structures, but they did not lead
to rescue of any of the MEFvin�/� phenotypes. Furthermore,
FRAP studies revealed that a large fraction of mutant vinculin
in these FAs was completely immobile, i.e. not exchanging with
the cytoplasmic pool. Collectively, the results from these stud-
ies indicate that in the absence of the ability to bind PIP2, vin-
culin becomes irreversibly “stuck” in FAs, rendering them
non-functional.

Vinculin-Lipid-Actin Interactions in the Context of the FA
Three-dimensional Nanostructure

Several recent studies using super-resolution microscopy
have provided insight into the nanoscale structure of FAs (8, 51,
52). These studies show that FAs are stratified in the Z-axis into
three layers: a membrane-proximal integrin signaling layer
(ISL), an actin regulatory layer (ARL) located �60 nm higher,
and an intermingled force-transducing layer between the ISL
and ARL. Among the major FA components, only talin in the
unfolded state is long enough to simultaneously engage integ-
rins and actin. A recent study provided evidence that talin is the
primary determinant of FA nanoscale structure, acting as a
molecular “ruler” to span the FA core (52). Vinculin was shown
to be non-uniformly distributed between all three of the axial
FA layers, and it was suggested that vinculin “climbs” talin to
reach the ARL and bind actin (8). Although numerous observa-
tions indicate that vinculin-actin binding is crucial for force
transmission and for FA assembly and maturation (50, 53), vin-
culin mutants deficient in actin binding are distributed within
the FA structure similarly to wild type (8).

Inspection of the PIP2-binding site of vinculin reveals that
simultaneous binding of actin and PIP2 is possible (33, 54). Early
FRAP experiments suggested that vinculin interactions with
cell junction components induce binding of vinculin to the
plasma membrane independent of actin binding and that the
vinculin-membrane attachment site serves as a nucleation cen-
ter for the assembly of actin bundles (55). In vitro binding of
F-actin to vinculin was shown to be minimal in the absence of
lipids, but PIP2 increased binding 3-fold (36). Furthermore,
VH�Vt bound F-actin in the presence but not the absence of
PIP2, suggesting that PIP2 binding promotes adhesion site tar-
geting of vinculin (36). In contrast, another study suggested that

the earlier work was flawed due to the effect of magnesium on
aggregation of PIP2 micelles and instead showed that polyphos-
phoinositides binding to vinculin block interactions with F-ac-
tin (56).

In FAs, only about 35% of vinculin molecules and 15% of
actin molecules are found in the ISL. Most of the actin is found
in the ARL located �60 nm higher, which would preclude a
single vinculin molecule from binding simultaneously with
PIP2 in the membrane and F-actin in the ARL. However, many
FA proteins are enriched in a particular layer but also rather
broadly distributed, consistent with these proteins moving
between layers as FAs mature or mediate translocation. Pre-
sumably, PIP2 remains in the membrane bilayer, so simultane-
ous binding of PIP2 and actin by vinculin might be a transient
event that occurs in the ISL to contribute to vinculin activation.
One might imagine a scenario in which localized PIP2 levels
tether partially activated vinculin in the distal tip. Subsequent
binding by actin might stimulate release of vinculin from PIP2
to promote full activation and transfer to the ARL. This model
is not consistent with the observation that actin binding-defi-
cient vinculin mutants still localize to the ARL, although data
from super-resolution microscopy do not provide direct infor-
mation on the dynamic behavior of proteins at the nanoscale
level. Thus, actin binding might contribute to the efficiency of
vinculin activation and transport to the ARL but not be abso-
lutely required. An alternative model is that PIP2 binding by
vinculin is a critical component for the release of vinculin from
FAs. Actomyosin-generated force stabilizes the interaction of
vinculin with actin and talin to engage the “molecular clutch”
(57). If PIP2 and actin binding by vinculin is antagonistic, then
in regions of the FA with reduced tension such as the FA-prox-
imal tip, the clutch might become disengaged and favor PIP2
binding and perhaps subsequent auto-inhibition and release.
This model is consistent with the observation that the vinculin
exchange rate is significantly faster at the proximal versus the
distal end of FAs (48) and with the effects of drug-induced dis-
ruption of actomyosin-generated force on mutant forms of vin-
culin (50). The demonstration that the expression of specific
lipid binding-deficient mutant vinculin in MEFvin�/� cells
leads to a marked inhibition of exchange, and the development
of hyperstable FAs is also consistent with this model (25).

Vinculin-Lipid Binding in the Regulation of Specific
Physiological Processes

Communication between the ECM and the contractile cyto-
skeleton is critical for most regulated processes related to cell
movement. FAs are one type of macromolecular structure that
mediate this communication by responding to external cues
(outside-in signaling) and also by applying regulated changes in
force to the ECM to mediate directed cell movements (inside-
out signaling). Vinculin is essential for both types of signaling
by coupling changes in tension within the contractile cytoskel-
eton to force applied to the ECM via its role as part of the
molecular clutch that links talin to actin in the cytoskeleton and
integrins in the cell membrane. Here we will discuss two inter-
esting situations in which the interaction of vinculin with phos-
phoinositide lipids has been specifically implicated in regulat-
ing a physiological response.
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The endogenous intrarenal hormone bradykinin restruc-
tures FAs transiently in renal papillary collecting duct cells,
causing a reversible dissociation of vinculin but not talin from
FAs and inducing the reorganization of the actin cytoskeleton
while preserving cell attachment to the ECM and neighboring
cells (58). Subsequent studies provided evidence that some of
the vinculin released upon bradykinin stimulation was located
in cytoplasmic vesicles containing PIP2 (59). This led to the
novel idea that activated or partially activated vinculin might be
transported to FA reassembly sites via a vesicular endocytic
recycling pathway (60).

Neurite remodeling is regulated by low molecular weight
GTPases of the Rho family. In N1E-115 cells, neurite retraction
in response to lysophosphatidic acid stimulation is associated
with an FA-localized increase in PIP2 due to a Rho GTPase-
mediated increase in PIP5K (61). Using mutants of PIP5K and
lipid binding-deficient mutants, a causal link between PIP2 lev-
els and vinculin levels in FAs in directed neurite migration was
established. Interestingly, the authors propose that a localized
activation of PIP5K leads to increased PIP2 levels at the trailing
edge of migrating cells to destabilize FAs by promoting vinculin
release (61).

ECM stiffness has been identified as a factor contributing to
malignant transformation and tumor metastasis. The ECM
stiffness was recently shown to activate and stabilize vinculin
at the invasive border of human breast cancer tumors (62).
Using vinculin mutants, these authors present evidence that
stabilized vinculin enhances the conversion of PIP2 to PIP3 by
phosphoinositide 3-kinase, leading to enhanced Akt signaling
and thereby promoting tumor progression.

Metavinculin

The larger (1134-residue) vinculin splice variant, termed
MV, is an integral component of adhesion complexes and of
intercalated discs in cardiac muscle and is essential for proper
cardiac development and homeostasis. Mutations of MV in
patients with dilated cardiomyopathy and hypertrophic car-
diomyopathy, an acute cause of heart attack, have been shown
to occur in the unique 68-residue insert present in the MV tail
domain, MVt (Fig. 1A). MV has a specific function in filament
attachment in muscle cells because mutations or loss correlates
with hereditary dilated cardiomyopathy (63, 64) and disrupted
intercalated discs in those patients (64). It was also proposed
that the site of the MV insert, between residues 915 and 916,
would be strongly involved in lipid binding, and indeed in
dimerized vinculin, PIP2 is sandwiched between two Arg-915
residues, one from each of two Vt molecules (25).

MV is co-expressed with vinculin at different molar ratios
(65– 67) in vertebrate smooth muscle, where it is expressed
highly (65, 66, 68), and heart muscle, where its expression varies
(65, 66). More recently, MV expression was shown in skeletal
muscle where it co-localizes with vinculin in costameres, the
adhesion site that links sarcomeric Z-lines to the sarcolemma
(69), and the MV-vinculin heterodimer was confirmed in vitro
from muscle extract precipitates (69). Vinculin was also sug-
gested to co-activate MV, which could explain their co-expres-
sion (69). Significantly, relative vinculin expression levels
remain constant when compared with actin and three times the

amount in smooth and cardiac muscle when compared with
skeletal muscle. This suggests that MV expression levels in dif-
ferent muscle types might modulate microfilament organiza-
tion and attachment according to specific cellular needs (69).

MV heterodimer formation was confirmed in vivo by immu-
noprecipitation with murine skeletal muscle extracts where
both isoforms were present and with predominant amounts of
vinculin (69). In vitro, PIP2-adsorbed Vt bound to MVt strongly
but not vice versa (69). However, all lipid-binding Vt residues
(Ser-913, Lys-915, Lys-944, Arg-945, Lys-1061) and those
involved in lipid-induced dimerization (His-906, Trp-1064,
Tyr-1065) (25) are strictly conserved among all 26 known vin-
culin and MV species (Fig. 1C). Thus, it is unclear why MV
should not homodimerize akin to vinculin. It is possible that the
earlier results might be more complicated to interpret because
their MVt construct harbored 68 additional unstructured resi-
dues at its N terminus (69) that might interfere.

The structures (and polypeptide chains) of MV and vinculin
are identical for the first �840 and last �150 residues, whereas
the N termini of their respective tail domains are distinct where
an �-helix (H1�) and extended coil from the MV insert replace
these same structural elements of the vinculin tail domain to
form a distinct five-helix bundle tail domain (Fig. 1A) (70). The
structural differences correlate with distinct functions, where
Vt and MVt have different effects on F-actin bundling (71) and
the ribonucleoprotein raver1 has a higher affinity for MVt than
Vt (72) (which we quantified as 1.8 �M versus 12.6 �M) and
binds to inactive MV (19). We obtained similar binding con-
stants Kd for the cardiomyopathy-associated MVt (A934V,
�L954, R975W) for binding to raver1 (0.8, 0.6, and 1.6 �M,
respectively). Raver1 binds to full-length MV but not full-
length vinculin (20, 72), and PIP2 significantly enhances bind-
ing to full-length proteins (72).

Two recent studies have provided additional insight into
MVt function. From data derived from a variety of in vivo and in
vitro techniques, it was concluded that MVt “tunes” actin fila-
ment bundles by altering the architecture and flexibility (73).
Using high resolution cryo-electron microscopy, a sub-nano-
meter three-dimensional reconstruction of the vinculin tail-
actin complex was obtained (74). This study suggests that upon
binding to actin, the N-terminal helix H1 of Vt unfurls, leading
to vinculin dimerization and actin bundling. Indeed, H1 (or H1�
in MV) has previously been shown to direct differential actin-
organizing functions (70).

Surprisingly, because of the importance of MV in the heart,
the role of acidic phospholipids in binding to MV is completely
understudied. Interestingly, cardiac-specific vinculin overex-
pression reinforced the cortical cytoskeleton, thereby enhanc-
ing the organization of the myofilament and improving con-
tractility and hemodynamic stress tolerance (75). Indeed,
understanding the effects of post-translational modifications
such as vinculin palmitoylation and myristoylation could lead
to the use of vinculin as a biomarker of aging or heart failure
(76).

Conclusions and Future Directions

The role of vinculin as a key component of the molecular
“clutch” that regulates the mechanosensitivity machinery of

MINIREVIEW: Vinculin-Cell Membrane Interactions

2552 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 6 • FEBRUARY 5, 2016



FAs is well established. New studies continue to elucidate and
expand the processes by which vinculin regulates the response
to both inside-out (transmission of actomyosin-generated ten-
sion to the ECM) and outside-in (sensing force resistance to
regulate intracellular signaling) mechanical stimuli. Vinculin,
like most FA core components, can bind a large number of
ligands, as would be expected of a protein that is situated at the
hub of a complex signaling network. Here we have focused on
the possible roles of one of these ligands, PIP2. Earlier studies
had suggested that PIP2 binding was essential for vinculin func-
tion, although these often involved mutant forms of vinculin
that might be compromised in other aspects of vinculin func-
tion within FAs. The determination of the binding site for PIP2
by crystallography allowed the generation of vinculin mutants
that are specifically impaired in PIP2 binding (25). Analysis of
these constructs confirmed prior studies suggesting that PIP2
binding is required to rescue the cell spreading and migration
defects of MEFvin�/� cells and to re-establish an organized
actin network (25, 41, 42). Furthermore, in the absence of the
ability to bind PIP2, vinculin becomes irreversibly “stuck” in
FAs, rendering them non-functional. What is not clear is the
molecular mechanism by which the incorporation of lipid bind-
ing-deficient vinculin mutants converts a dynamic FA into a
hyperstable, non-function complex even in the presence of
wild-type vinculin. A simple explanation is that PIP2 binding is
a transient but essential event in recruitment and/or activation
of vinculin in FAs. However, as described above, results from a
number of approaches suggest that PIP2 binding by vinculin
might be a sensitive mechanism to regulate FA dynamic turn-
over to facilitate directed cell movements (Fig. 3). The contin-
ued development of high resolution techniques to monitor
movements of proteins within the FA nanoscale architecture
will certainly help us understand vinculin’s role in general and
particularly in response to PIP2 binding.
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Several different receptor proteins have been identified that
bind monomeric, oligomeric, or fibrillar forms of amyloid-�
(A�). “Good” receptors internalize A� or promote its transcy-
tosis out of the brain, whereas “bad” receptors bind oligomeric
forms of A� that are largely responsible for the synaptic
loss, memory impairments, and neurotoxicity that underlie
Alzheimer disease. The prion protein both removes A� from the
brain and transduces the toxic actions of A�. The clustering of
distinct receptors in cell surface signaling platforms likely
underlies the actions of distinct oligomeric species of A�. These
A� receptor-signaling platforms provide opportunities for ther-
apeutic intervention in Alzheimer disease.

Alzheimer disease (AD)2 is characterized pathologically by
the deposition in the brain of the 40 – 42-amino acid amyloid-�
(A�) peptide in extracellular plaques and of the microtubule-
binding protein tau in intracellular neurofibrillary tangles. The
amyloid cascade hypothesis, formulated over 20 years ago, pos-
its that A�, derived from the proteolytic processing of the amy-
loid precursor protein, is the causative agent in AD pathology
and that neurofibrillary tangles, cell loss, vascular damage, and
dementia follow (1). A recent and critical interpretation of the
existing data concluded that aggregated A� acts primarily as a
trigger of other downstream processes, particularly tau aggre-
gation, which mediate neurodegeneration (2). Understanding
the nature of the interaction of A� with neurons and other cell
types in the brain is key to a complete understanding of the
pathogenesis of AD. Furthermore, identifying the proteins

involved in the binding of aggregated forms of A� and the
downstream cytotoxic signaling pathways that are subse-
quently activated may reveal sites for therapeutic intervention.
In this minireview, we provide an overview of the “bad” recep-
tors involved in the binding and cytotoxic action of A�, as well
as the “good” receptors involved in A� metabolism and clear-
ance from the brain (Fig. 1, Table 1). More detailed information
on the A� receptors and carriers, including the type of A� they
bind, the cell type they are expressed on, binding partners, and
downstream targets, is provided in supplemental Table 1.

The Ligand: Multiple Forms of A�

Any discussion of receptors has to take into account the
properties of the ligand(s) that binds to that receptor. In the
case of the ligand A�, this is complicated by the fact that it exists
in multiple forms from monomers, through dimers, trimers,
and oligomers to protofibrils and fibrils that range in size from
4 kDa to assemblies of �100 kDa, and vary in morphology and
conformation (3). A� oligomers (A�O) appear to be the most
neurotoxic species, triggering various processes that underlie
AD, including synaptic dysfunction, impairment of long-term
potentiation (LTP), Ca2� dysregulation, mitochondrial dys-
function, endoplasmic reticulum stress, and the activation of
pro-apoptotic pathways leading to cell death (4, 5). Various
oligomeric forms of A� have been isolated from human AD
brain and from the brains of AD model mice, as well as from cell
culture medium, in addition to being produced from prepara-
tions of recombinant or synthetic A� peptides (6 –10). Almost
certainly, preparations of A�O, whether isolated from natural
sources or produced in vitro, are composed of a number of
oligomeric species with diverse biophysical and biological
properties existing in dynamic equilibrium (6, 11). This
dynamic equilibrium complicates studies when attempting to
isolate a particular population of oligomers, e.g. by size exclu-
sion chromatography, as the resultant “purified” oligomer
preparation will remodel to other species as the preparation
resets its equilibrium. Therefore, it is not surprising that there is
controversy over which is the toxic form of A�O, and indeed
whether there is a single toxic entity (6).

The conformation of A�O aggregates has emerged as a use-
ful classification method that is more biologically relevant than
size, given that the structural motifs present on the surface of a
protein will determine its binding partners and biological activ-
ities. Various conformation-specific antibodies that react with
A�O have been produced and characterized (reviewed in Ref.
6). Two of the more widely used conformation-specific anti-
bodies are the A11 and OC antibodies (12, 13), which recognize
mutually exclusive structural epitopes on a range of amyloid-
forming proteins, not just A�, independent of primary amino
acid sequence. A11 antibodies recognize out-of-register anti-
parallel � sheet structures, whereas OC antibodies detect in-
register parallel � sheets (14 –16).

A recent study (16) classified brain-derived A�O into two
types based in part on their reactivity to these conformation-
specific antibodies. Type 1 A�O were A11-immunoreactive
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(also referred to as A�*56) and had no temporal, spatial, or
structural relationship to amyloid fibrils, whereas type 2 A�O
recognized by OC antibodies were related to amyloid fibrils
temporally, spatially, and structurally and represented the
majority of oligomers generated in vivo. The authors con-
cluded that although most of the soluble A� in brains with
dense core plaques (e.g. AD brains) are type 2 A�O, the bulk
of these oligomers are rendered functionally innocuous by
their effective containment within plaques. In contrast, they
suggested that type 1 A�O may be more directly pathogenic
in certain brain regions as they are more finely dispersed
than the type 2 A�O (16). Further work is required to recon-
cile these conclusions with the observations that OC reactiv-
ity, not A11 reactivity, correlated with the onset and severity
of AD in human brain studies (17, 18) and that only OC-
positive oligomers correlated with cognitive decline and
promoted tau aggregation and phosphorylation in a different
transgenic AD mouse model (18).

Another recent study (19) utilized several oligomer-directed
quantitative assays, including a high specificity binding assay
based on the affinity of certain A�O for the cellular form of the
prion protein (PrPC) (PrP-ELISA or PLISA) (20), to assay A�O
across brain tissue from multiple AD mouse models and human
brain samples. The PrPC-interacting A�O represented a dis-
tinct population of high molecular weight A� assemblies that
were as accurate as any other predictor of memory impairment
in the AD mouse models and human AD patients. Oligomers
interacting with PrPC were preferentially recognized by the OC

antibody rather than the A11 antibody (21, 22) and thus would
appear to correspond to the type 2 A�O (16). Critically, the
fraction of PrPC-interacting A�O varied greatly between trans-
genic AD mouse models and likely determines the extent to
which PrPC-dependent molecular mechanisms contribute to
the progression of AD (19). That different transgenic AD
mouse models may produce predominantly one (or a few) of the
many potential types of A�O present in the human AD brain
clearly complicates interpretation of data from the animal
models. More work is required to clarify these discrepancies in
A�O type and function both between animal models and
between the animal models and the human situation. However,
the characterization of different A�O species based on anti-
body or other conformational recognition (e.g. PrPC interac-
tion) is a useful criterion with which to help decipher the
contribution of particular oligomeric species to AD patho-
genesis. In vivo it is highly likely that more than one oligo-
meric species contributes to toxicity, and thus understand-
ing the temporal and spatial distribution of all A�O types in
the brain during the initiation and development of AD, as
well as knowing their receptors and mechanisms of toxicity,
is essential to progress the field. Although A�O have been
proposed to cause neurotoxicity through a variety of mech-
anisms, including direct interaction with lipids resulting in
damage to the membrane through, for example, pore forma-
tion, or through intracellular accumulation leading to cyto-
toxicity (23, 24), here we focus on the binding of A� to cell
surface receptors.

FIGURE 1. A� receptors and their cellular locations. A� monomers aggregate into oligomers and fibrils in the brain, interacting with a variety of
receptors on the presynaptic and postsynaptic membranes of neurons, on endothelial cells, and on astrocytes and microglia. The endothelial receptors
RAGE and LRP1 are involved in A� monomer clearance through the blood-brain barrier. LRP1 also mediates monomer efflux into astrocytes. The
microglial receptors Scara1/2 and MARCO are linked to A� clearance by interaction with fibrillar A�. Oligomeric A� is widely viewed as the pathogenic
species, triggering synaptic impairment and cell death following interaction with a range of postsynaptic neuronal receptors, including EphB2, PrPC,
and �7nAChR, which are linked to NMDAR dysfunction. A�O also bind to EphA4, LilrB2, Frizzled (Fzd), and PGRMC1 receptors, triggering synaptic
impairment. In addition, A�O bind to the presynaptic receptors �7nAChR and NaK�3, which are linked to altering presynaptic calcium levels. See text
and Table 1 for details.
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The “Good” A� Receptors

Proteins that bind A� (whether monomeric, oligomeric, or
fibrillar forms) and reduce the amount available to aggregate
into toxic oligomers can in many ways be considered “good”
receptors. Such receptors may internalize A� into neurons or
other cells (e.g. microglia) and target it for lysosomal degrada-
tion or remove it from the brain by transcytosis across the
blood-brain barrier (BBB) (Fig. 1). One such receptor is the
low-density lipoprotein receptor-related protein 1 (LRP1),
which binds multiple ligands including monomeric A� and is
abundantly expressed in various brain cell types. LRP1 has been
implicated in mediating A� transcytosis across the BBB (25), as
well as in the uptake and local clearance of A� in vascular
smooth muscle cells and neurons (26, 27). Recently, the AD
genetic risk factor PICALM, which encodes the phosphatidyli-
nositol-binding clathrin assembly (PICALM) protein involved
in the endocytosis of various cell surface receptors, was
reported to influence A� clearance across the BBB through
regulating the function of LRP1 in brain endothelial cells (28).
PrPC has also been linked to A� transport across the BBB (29).
PrPC on endothelial cells bound monomeric A�40, and genetic
knock-out or the addition of a competing PrPC antibody
blocked the transcytosis of A�40 in a process that also required
LRP1 (29). The low-density lipoprotein receptor (LDLR) is also
implicated in neuronal and astrocytic A� uptake and BBB tran-
scytosis of A� (30). Although not cell surface receptors, the

carriers apolipoprotein (apo) E and clusterin (apoJ) bind soluble
A� and facilitate its uptake through receptors such as LRP1 or
LRP2 and LDLR, thereby reducing the amount of A� available
to aggregate (31). Microglial cells surrounding A� plaques
express the scavenger receptors SCARA1 and SCARA2, which
have a high affinity for soluble and fibrillar A� and mediate
phagocytosis and clearance of A� from the brain (32). The
macrophage receptor with collagenous structure (MARCO)
binds A� and activates the ERK1/2 signaling pathway, leading
to reduced inflammation (33). Collectively, these and other
receptors and carriers (Table 1) work together, alongside other
mechanisms for degrading or inactivating A� in the extracellu-
lar environment, such as the A�-degrading enzymes neprilysin
and insulin-degrading enzyme (34), to maintain A� at low,
manageable, non-toxic levels in the brain.

The “Bad” A� Receptors

In contrast to the “good” receptors described above that pro-
mote the transcytosis of A� out of the brain, one mechanism of
action of the “bad” receptors is to mediate the uptake of A� into
the brain across the BBB. The receptor for advanced glycation
end products (RAGE), present on endothelial cells, mediates
the influx of circulating A� (35). RAGE also internalizes A�
into neurons, promoting its intracellular aggregation and accu-
mulation, leading to rapid activation of p38 MAPK and mito-
chondrial dysfunction (36). Contributing to the accumulation

TABLE 1
A� receptors and carriers
The A� receptors and soluble carrier proteins are classified into “good” receptors that promote the clearance or degradation of A�, thereby lowering the amount available
to form A�O, and into “bad” receptors that mediate the neurotoxic actions of A�O. See text and supplemental Table I for more details. AMPAR, �-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor; VLDLR, very low-density-lipoprotein receptor.

A� receptors and carriers A� type/conformation Other interactors Reference

“Good” receptors
�7-Nicotinic acetylcholine receptor (� 7nAChR) A�42 monomer/LMW oligomers (4–24 kDa) 79
Apolipoprotein E (apoE) A�40/42 monomer LRP1, LDLR 31
Clusterin (ApoJ) A�40 monomer LRP2 80
Complement receptor type 3 (CR3 or Mac1) A�40/42 fibrillar SR-A 81
Formyl peptide receptor (FPR1)/formyl-peptide receptor-like 1 (FPRL1) A�42 81
Heparan sulfate proteoglycan (HSPG) A�40/42 monomer LRP1 82
Low-density lipoprotein receptor (LDLR) A�40/42 monomer apoE 83
Low-density lipoprotein receptor-related protein 1 (LRP1) A�40/42 monomer PICALM, apoE 25–28
Macrophage receptor with collagenous structure (MARCO) A�42 monomer FPRL1 33
Phosphatidylinositol-binding clathrin assembly (PICALM) protein A�40/42 monomer Clathrin/LRP1 28
Prion protein (PrPC) A�40 monomer LRP1 29
Scavenger receptors (SCARA1/2) A�42 fibrillar 84

“Bad” receptors
�7nAChR A�42 oligomers (4–56 kDa) 85
AMPA receptor A�42 ADDLs (8–40 kDa) A11-negative 86
Amylin 3 receptor (AMY3) A�42 ADDLs (4–96 kDa) 87
apoE A�40/42 oligomers VLDLR/LRP1 31, 88
�2 adrenergic receptor (�2AR) A�42 dimer GluR1 (AMPAR) 89
Clusterin (ApoJ) A�42 oligomer (8–200 kDa) 90
Ephrin A4 (EphA4) A�42 oligomers (4–100 kDa) 91
Ephrin B2 (EphB2) A�42 ADDLs (LMW) NMDAR, PSD95 55, 58
Fc� receptor IIb (Fc�Rllb) A�42 ADDLs (LMW) 92
Frizzled (Fzd) A�40/42 ADDLs (12–96 kDa) 93
Insulin receptor A�42 ADDLs (50–100 kDa) 94
Leukocyte immunoglobulin-like receptor B2 (LilrB2)/PirB A�42 ADDLs (50–150 kDa) 95
Na�/K�-ATPase neuron-specific �3 subunit (NaK�3) ASPD (128 kDa spheres) 38
Neuroligin-1 A�42 A11-positive PSD95 96
NMDA receptor A�42 ADDLs (12–96 kDa) PSD95 10, 55, 57
p75 neurotrophin receptor (p75NTR) A�42 ADDLs (LMW) DR6 97
P/Q-type calcium channels A�42 globulomers 98
PrPC A�42 ADDLs (70–250 kDa) OC-positive mGluR5, LRP1 20, 21, 43, 48
Receptor for advanced glycation end products (RAGE) A�40/42 monomer 99
SCARB2/ CD36 Fibrillar A� TLR-4, TLR-6 100
Sigma-2/PGRMC1 A�42 oligomers (50–75 kDa) 74, 77
Toll-like receptor 2 (TLR2) A�42 fibrillar 81
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of A� in the brain is apoE4, a well established genetic risk factor
for the development of late-onset AD. As well as being involved
in modulating the clearance and degradation of A� in the brain,
apoE also slows the transport of A� across the BBB in an
isoform-dependent manner, with apoE4 having the greatest
effect (37). The detrimental effects of apoE4 are further exacer-
bated by its ability to bind to and stabilize A�O, slowing down
their transition to fibrils (37).

When the first A�O were prepared from synthetic A�42
peptide, the now widely used A�-derived diffusible ligands
(ADDLs), it was observed that their binding to hippocampal
neurons was abolished by treating the cells with trypsin (7).
This observation, coupled with the low oligomer concentration
(5 nM) required for neurotoxicity, indicated that one or more
high-affinity protein receptors are responsible for A�O binding
and subsequent neurotoxicity. To date, several candidate “bad”
A� receptors that bind A�O at the cell surface and then trigger
a variety of downstream signaling pathways that negatively
impact on neuronal function and survival have been described
(Table 1; supplemental Table 1) (38 – 41). The role of several of
these receptors in mediating A�O neurotoxicity is controver-
sial or yet to be reproduced. The heterogeneity and dynamic
nature of A�O preparations as discussed above undoubtedly
have led to difficulties in first identifying a particular receptor
and then in corroborating its involvement in different model
systems and between different laboratories. The use of different
and often poorly characterized preparations of A�O, different
toxicity measurements on divergent target cell populations
under different conditions, and the use of different transgenic
AD mouse models at different stages of disease all confuse the
picture. The recent report that the proportion of PrPC-interact-
ing A�O varies between different mouse models of AD (19)
may go some way to explain these discordant observations.
Indeed this highlights a fundamental issue in the field; it is very
unlikely that all receptors bind to the same oligomeric species of
A�, and binding of different A�O to an individual receptor may
be differentially influenced by other receptors or co-receptors
in their vicinity (see below). Many of the signaling pathways
initiated by these receptors converge into common down-
stream targets that are ultimately responsible for neurotoxicity
and cell death.

Dynamic Signaling Platforms Mediate A�O Binding and
Action

Various lines of evidence suggest that A�O binding to neu-
rons may involve multi-protein cell surface receptor com-
plex(es) whose assembly is initiated upon binding of oligomers
to one or more of the receptor proteins listed in Table 1. These
signaling platforms or signalosomes (5, 39, 42) will be formed
from complexes of proteins and lipids in the plane of the plasma
membrane, and will be transient in nature and likely involved in
both physiological and pathological responses, contributing to
both neuroprotection and neurotoxicity. The relative contri-
bution to these two endpoints may depend on multiple fac-
tors, including the type and concentration of oligomer spe-
cies, the compartmentalization of particular receptors and
signaling effectors into different signaling platforms, the rel-
ative local interaction and concentration of particular recep-

tors, co-receptors, and lipids, the interplay between the
various downstream signaling pathways, and the rate of
receptor down-regulation/internalization.

One such signaling platform is based on PrPC (Fig. 2A). PrPC

was identified to bind A�O, but not monomers or fibrils, with
high affinity (Kd �0.4 nM) (43, 44) and to selectively interact
with high molecular mass assemblies of A�O in AD but not
control brains (45). PrPC was responsible for the A�O-medi-
ated inhibition of LTP in hippocampal slices (43) and was also
required for the manifestation of memory impairments in an
AD mouse model (46). A�O binding to PrPC leads to activation
of Fyn kinase, which in turn phosphorylates the GluN2B sub-
unit of N-methyl-D-aspartate receptors (NMDARs), which was
coupled to an initial increase and then a loss of surface
NMDARs (20). In addition, the A�O activation of Fyn leads to
tau phosphorylation (47). Both mGluR5 (48) and LRP1 (21)
have been identified as co-receptors required for the PrPC-
bound A�O to activate Fyn (Table 1).

PrPC localizes to cholesterol- and sphingolipid-rich, deter-
gent-resistant lipid rafts due to the saturated acyl chains in its
glycosylphosphatidylinositol anchor and to an N-terminal tar-
geting signal interacting with the heparan sulfate proteoglycan,
glypican-1 (49, 50). PrPC has been proposed as a key scaffolding
protein for the dynamic assembly of cell surface signaling mod-
ules (51), and PrPC, along with the microdomain-forming flo-
tillin or caveolin proteins, may lead to the local assembly of
membrane protein complexes at sites involved in cellular com-
munication, such as cell-cell contacts, focal adhesions, the
T-cell cap, and synapses (52). The integrity of lipid rafts is crit-
ical for the cell surface binding of A�O and the subsequent
activation of Fyn. Treatment of cells with methyl-�-cyclodex-
trin, which depletes cellular cholesterol and thus disrupts the
cholesterol-rich lipid rafts, caused the re-localization of PrPC

and Fyn from detergent-resistant rafts to detergent-soluble,
non-raft regions of the membrane (21). Surprisingly, disruption
of the rafts with methyl-�-cyclodextrin significantly reduced
(by �80%) the cell surface binding of the A�O, although the cell
surface expression of PrPC was unaffected, and prevented the
A�O from activating Fyn (21). The addition of A�O to neurons
caused a large increase of mGluR5 in the detergent-resistant
fraction (53), and on binding oligomers, the co-localization of
LRP1 and PrPC increased (21), suggesting that binding of A�O
to PrPC causes these co-receptors to cluster together in rafts
and activate the signaling complex. This cell-surface, raft-based
signaling complex based on PrPC may be key in mediating the
neurotoxic actions of type 2 A�O (Fig. 2A). Another cholester-
ol-rich, raft-based platform may involve the presynaptic
�7-nicotinic acetylcholine receptor (�7-nAChR) as its A�O-
mediated activation was attenuated on disruption of the rafts by
cholesterol depletion (54).

Another signaling platform(s) is likely based on NMDARs
(Fig. 2B), which are necessary but not sufficient for A�O bind-
ing (reviewed in Ref. 5). NMDARs are anchored by PSD95,
which acts as a scaffold to organize multiple membrane-associ-
ated proteins at synapses and which interacts with other A�O
receptors including EphB2 (55). Binding of A�O to postsynap-
tic density complexes containing NMDARs promoted den-
dritic spine loss in an NMDAR-dependent manner and abol-
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ished NMDAR-dependent LTP (55, 56). Antibodies against the
subunits of NMDAR blocked the binding of A�O to neurons,
and the NMDAR antagonist Memantine completely protected
against A�O-induced reactive oxygen species formation (57),
indicating that the receptors are required for binding and
downstream action of A�O. However, no direct binding of
A�O to NMDAR subunits has been reported. The EphB2
receptor modulates NMDAR by tyrosine phosphorylation and
recruits active NMDAR to excitatory synapses. A�O interacted
directly with the extracellular fibronectin repeats of EphB2,
which led to depletion of surface EphB2 by enhancing its pro-
teasomal degradation and to the internalization of GluN1 sub-
unit-containing NMDARs (58). The �7-nAChR also induces
A�O-mediated NMDAR dysfunction and synaptic impair-
ment. �7-nAChR binds A�O with high affinity, and binding
leads to activation of the channel, increased cytosolic Ca2�, and
subsequent activation of protein phosphatase 2B (PP2B).
De-phosphorylation of the tyrosine phosphatase striatal-
enriched protein tyrosine phosphatase (STEP) via PP2B pro-
motes STEP to dephosphorylate Tyr-1472 on the NMDAR
subunit GluN2B, thereby disrupting its binding to PSD95, ulti-
mately leading to the internalization of the receptor (59). Thus,
binding of A�O (possibly distinct species) to multiple receptors
promotes neurotoxicity via NMDAR. Although both EphB2
and �7-nAChR mediate A�O action via NMDARs, whether
they are located in the same signaling platform awaits to be
determined. Although binding of A�O to PrPC also results in
altered NMDAR function, EphB2 does not link A�O-PrPC

complexes to Fyn activation (48), providing clear evidence for
the existence of distinct A�O-binding signaling platforms.

A further signaling platform is based on the Na�/K�-ATPase
(Fig. 2C), whose neuron-specific �3 subunit (NaK�3) was
recently identified to bind amylospheroids (ASPD) (38). ASPD
are 15-nm spherical A�O that are distinct from ADDLs, that
are not recognized by the A11 conformation-dependent anti-
body, and that caused selective degeneration of mature human
neurons (60). The direct binding of ASPD to NaK�3 impaired
its activity, resulting in an increase in cytoplasmic Na� and
depolarization of the neuron. This in turn activated N-type
voltage-gated Ca2� channels (N-type VGCC), leading to Ca2�

overload in the cytoplasm and mitochondria, ultimately leading
to tau phosphorylation and degeneration of neurons. This sig-
naling platform is localized on the presynaptic membrane
(Fig. 1).

Further signaling platforms, based on other groupings of the
receptors in Table 1, possibly in association with distinct com-
binations of membrane lipids, may be involved in binding the
same and/or other oligomeric forms of A� and transducing
neurotoxic signals. It should also be noted that although we
have described these different signaling platforms as distinct
entities (Fig. 2), it is possible that they are not structurally or
functionally isolated and that “super” platforms exist which
contain multiple receptors interacting with multiple oligomeric
forms of A�. Furthermore, the protein and lipid composition of
these dynamic signaling platforms may alter as a result of elec-
trophysiological activity, oxidative damage, changes in lipids

FIGURE 2. A� oligomer receptor signaling platforms. A�O induce synaptic impairment and neuronal cell death by interacting with multiple receptor
signaling platforms. A, PrPC-based, cholesterol- and sphingolipid-rich lipid raft signaling platform. The co-receptors LRP1 and mGluR5 cluster with PrPC upon
A�O binding and lead to activation of Fyn kinase, which phosphorylates NMDAR and tau. pTyr18, phospho-Tyr-18; pTyr1482, phospho-Tyr-1482. B, both
�7nAChR and EphB2 bind A�O and induce NMDAR-mediated dysfunction and synaptic impairment. pCREB, phospho-cAMP-response element-binding
protein. C, the presynaptic NaK�3 binds ASPD oligomers, inducing Ca2� influx via N-type VGCCs, resulting in mitochondrial dysfunction, tau phosphorylation,
and synaptic impairment.
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such as reduced cholesterol, hypoxia, and other cellular activi-
ties, and insults that are known to influence the initiation
and/or progression of AD, thus influencing A�O binding and
the downstream signaling pathways that are activated.

Does the A�O-promoted clustering of receptors lead to the
induction of aberrant neurotoxic signaling (53) or over-stimu-
lation of a physiological pathway (for example, due to pro-
longed stabilization of an otherwise transient complex involved
in normal signaling processes), i.e. gain of toxic function? Or is
it the hijacking of the signaling platform by A�O that disrupts
normal physiological signaling, i.e. loss of function? Or a com-
bination of these that leads to the neurotoxicity apparent in
AD? The amount and/or activity of, and interactions between,
individual signaling platform components are likely finely bal-
anced. Either an increase or a decrease in a particular compo-
nent or an alteration in the interaction between components
may be sufficient for A�O to trigger neurotoxicity. It is possible
that it is the binding of different A�O to multiple signaling
platforms that initiates the complex series of events underlying
AD. Following on from this, in the transgenic mouse models
that predominantly produce only one type of A�O (19), not all
of these signaling platforms will be engaged, resulting in activa-
tion of only some of the downstream signaling pathways and
thus not recapitulating the complete array of molecular, cellu-
lar, and pathological responses seen in the human disease.

Therapeutic Approaches to Blocking A�O Action

A�O and their cell surface receptors provide a multitude of
potential therapeutic targets (Fig. 3). For example, the accumu-
lation of the “toxic” A�O could be prevented by blocking their
formation, promoting their aggregation into larger order
“inert” fibrils or plaques, altering their conformation, or induc-
ing their clearance or degradation (Fig. 3, a– d). Immunother-
apy is being actively explored as a potential means to reduce A�
levels in the brain, although results from several clinical trials
have been disappointing (61). Whether natural antibodies or
other antibody preparations that bind to conformational
epitopes on A�O and are therefore selective for A�O over other
forms of A� will be more effective than antibodies that recog-
nize peptide epitopes and thus bind both monomeric and olig-
omeric forms of A� awaits to be seen (62– 64). The polyphe-
nols, resveratrol and (�)epigallocatechin-gallate (EGCG)
convert soluble A�O into non-toxic aggregates (65, 66) whose
binding to PrPC is severely impaired and which no longer acti-
vate Fyn (21). Another natural compound, brazilin, has recently
been identified to potently remodel mature fibrils, preventing
the formation of toxic oligomers by secondary nucleation (67).
As clearance of A� across the BBB may be impaired in AD (68),
approaches to increase transcytosis of A� out of the brain may
hold potential. In this respect, a soluble form of LRP1 promoted
A� clearance in a transgenic AD mouse model (69).

Another approach is to prevent the initial interaction of A�O
with its receptor or to displace A�O that are already bound (Fig.
3, e and f). Following identification of PrPC as a high affinity
receptor for A�O (43), immuno-targeting of PrPC was shown to
block completely the LTP impairments caused by A�O derived
from human AD brain extracts (70, 71), and intra-cerebral infu-
sion of an anti-PrPC monoclonal antibody reversed the memory

impairments in a transgenic AD mouse model (72). Recently,
the small molecule Chicago Sky Blue 6B was identified in a
high-throughput screen to bind to PrPC and inhibit A�O bind-
ing (73). Sigma-2/PGRMC1 was identified as a receptor medi-
ating the binding and toxicity of both brain-derived and syn-
thetically prepared A�O following the screening of a library of
CNS drug-like small molecules that blocked A�O-induced def-
icits (74). The compounds identified were ligands for Sigma-2/
PGRMC1 and prevented A�O from binding to primary hip-
pocampal neurons and also displaced bound oligomeric
species. The small molecule rhynchophylline was identified as a
novel inhibitor of EphA4, which blocked the ligand-binding
domain of EphA4 and rescued A�O-induced deficits (75). Sur-
face epitope masking peptides have recently been shown to pre-
vent ASPD interacting with NaK�3 (38) (Fig. 3g). Tetrapeptides
mimicking the binding region of this receptor bound to the
surface of ASPD, subsequently blocking their interaction with
the receptor and preventing ASPD-induced impairments but
without affecting the normal function of the Na�/K�ATPase
(38).

Complete blocking of receptors may have deleterious effects
on neuronal function; however, modulating receptor activity is
another potential approach to abrogate A�O action (76) (Fig.

FIGURE 3. Potential targets for therapeutic intervention in A� oligomer
receptor signaling platforms. The toxic actions of A�O can be prevented by
multiple approaches. Their accumulation can be prevented by promoting the
clearance/degradation of A� monomers (a), preventing aggregation (b),
remodeling “toxic” conformations (c), or promoting aggregation to inert
fibrils or plaques (d). A�O action at the cell surface can be targeted by block-
ing their binding to receptors (e), displacing bound A�O (f), or masking the
epitope on the oligomers to prevent binding to their receptor (g). The recep-
tors themselves can be targeted either by preventing aberrant clustering of
receptors mediated by A�O (h) or by allosterically modulating receptor activ-
ity (i). Downstream signaling of A�O can be targeted by modulating kinase/
phosphatase activity (j) in the downstream signal transduction pathways. See
text for specific examples of each.
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3h). Antagonism of the mGluR5 receptor using negative allos-
teric modulators prevented A�O-induced spine loss and cog-
nitive deficits in transgenic mice (48). The Sigma-2/PGRMC1
ligands also acted as allosteric antagonists for the receptor, pre-
venting aberrant signaling, as well as the subsequent spine loss
and cognitive impairments in AD transgenic mice (77).
Another approach is to target the downstream signal transduc-
tion pathways activated upon A�O binding to its receptors (Fig.
3i). For example, given that A�O binding to PrPC activates Fyn,
a Phase 1b trial of a potent small molecule inhibitor of Src and
Fyn for the treatment of AD is underway (78). Ultimately, a
combined therapeutic approach, targeting more than one A�O
species, its receptor(s), and/or its downstream signaling path-
way, will likely be required to alleviate all the neurotoxic effects
of the multiple oligomeric forms of A�.

Concluding Remarks

Although much progress has been made in identifying A�
receptors, several questions remain unanswered. How many
distinct A�O receptors and signaling platforms are there?
What is the contribution of each receptor and signaling plat-
form to A�O-mediated toxicity? What are the individual com-
ponents in each signaling platform, and how do their composi-
tions, as well as the interactions between them, differ between
AD and healthy individuals? Are different A�O signaling plat-
forms involved depending on the initial trigger of disease, and
what is their spatial and temporal contribution to disease
pathogenesis? Given that there are multiple species of A�O,
and that some transgenic mouse models appear to have pre-
dominantly one type of A�O, each interacting with a distinct
set of receptors, what is the most appropriate animal model?
How can we target specific signaling platforms for therapeutic
intervention in AD without disrupting the normal physiological
roles of these signaling complexes? Answers to these questions
will come only from further experimental work comparing the
binding of defined A�O preparations (characterized on the
basis of biophysical and conformational properties) with each
of the identified receptors in situ on cells and in vivo in appro-
priate animal models. However, the recognition that there are
multiple A� receptors, binding different forms of A�, possibly
preferentially in different stages in the development of AD, pro-
vides several opportunities for therapeutic intervention as
highlighted here. What must also be recognized is that not only
are there “bad” A� receptors binding oligomeric forms of A�
and triggering cytotoxicity, but there are also “good” receptors
involved in A� clearance and metabolism, as well as some like
PrPC that may play dual roles.
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The last decade has seen enormous progress in the explora-
tion and understanding of the behavior of molecules in their
natural cellular environments at increasingly high spatial and
temporal resolution. Advances in microscopy and the develop-
ment of new fluorescent reagents as well as genetic editing
techniques have enabled quantitative analysis of protein inter-
actions, intracellular trafficking, metabolic changes, and signal-
ing. Modern biochemistry now faces new and exciting chal-
lenges. Can traditionally “in vitro” experiments, e.g. analysis of
protein folding and conformational transitions, be done in cells?
Can the structure and behavior of endogenous and/or non-
tagged recombinant proteins be analyzed and altered within the
cell or in cellular compartments? How can molecules and their
actions be studied mechanistically in tissues and organs? Is per-
sonalized cellular biochemistry a reality? This thematic series
summarizes recent studies that illustrate some first steps toward
successfully answering these modern biochemical questions.
The first minireview focuses on utilization of three-dimensional
primary enteroids and organoids for mechanistic studies of
intestinal biology with molecular resolution. The second mini-
review describes application of single chain antibodies (nano-
bodies) for monitoring and regulating protein dynamics in vitro
and in cells. The third minireview highlights advances in using
NMR spectroscopy for analysis of protein folding and assembly
in cells.

The ultimate goal of biochemistry is to understand how mol-
ecules work in a complex cellular environment at atomic level.
Although we are still far away from this goal, great progress has
been made toward characterization of metabolic identities of
various cells and the behavior of many essential molecules in
diverse intracellular contexts. Chemically induced dimeriza-
tion of recombinant proteins has enabled dissection of signal-
ing events in distinct intracellular locations with fine temporal
resolution (1). Advances with cell sorting, single cell RNA
sequencing, and computational methods revealed a rich diver-
sity of cell identities and the existence of previously unknown
cell subtypes (2, 3). Single molecule tracking, correlation spec-
troscopy, and time-resolved fluorescence energy transfer pro-
tein dynamics and interactions in cells in unprecedented detail

and allow high-throughput screening for new protein modula-
tors (4, 5). This thematic series aims to add to the excitement by
highlighting recent methodological advances in three areas that
differ markedly with respect to their scale and specific experi-
mental goals but that, together, bring us closer to the ultimate
goal of learning about cell function at the atomic level.

In the first minireview of this thematic series (6), Zachos et al.
(6) focus on the advantages of primary human enteroids and
organoids for studies of intestinal physiology and pathobiology.
In recent years, it has become increasingly clear that studies
directed toward the understanding and treatment of human
disorders require experimental systems that not only accurately
recapitulate metabolic states of tissues but also account for a
significant genetic and metabolic variability between human
patients. Stable organ-like cultures offer tremendous opportu-
nity to explore the mechanisms underlying various pathogenic
events at the molecular level and to use this information to
develop personalized treatment regiments. The authors
describe two major ways of generating three-dimensional pri-
mary organ-like cultures; they also compare the properties of
colonoids (enteroids) and organoids, including differentiation,
recapitulation of key morphological features of a normal tissue,
and suitability for functional studies. The minireview provides
examples of utilization of enteroids for quantitative analysis of
ion transport and for studies of cellular and molecular events
during host-pathogen interactions, as well as discussion of
future ways to further optimize these exciting experimental
systems.

Molecular movement is at the core of molecular function.
Significant advances have been made in studies monitoring
protein trafficking between cellular compartments, whereas
analysis of protein conformational transitions in the cellular
environment remains challenging. In the second minireview of
this thematic series (7), Dmitriev et al. highlight recent studies
of functional dynamics of membrane proteins using single-
chain antibodies (also known as nanobodies or variable frag-
ments of heavy chain-only antibodies). The utility of these re-
agents has been proven in the areas of structural biology, cancer
research, and molecular diagnostics. It is based on high selec-
tivity of nanobodies, as well as their relative ease of production
and derivatization (8 –10). The minireview describes new appli-
cations of these versatile reagents for fundamental mechanistic
research, especially for studies of conformational landscapes of
proteins in their native environment. The authors discuss the
generation of single chain antibodies and illustrate how the
unique properties of these antibodies enable their utilization
for analysis of fast protein dynamics by solution NMR spectros-
copy and the identification of difficult to capture transient pro-
tein interactions. Single chain antibodies enhance traditional
fluorescence energy transfer methodology, because they can be
used not only for detecting molecules and their interactions,
but also for manipulating/altering proteins of interest in vitro
and in cells. The minireview describes exciting examples of
recent studies of cell signaling and receptor function, which are
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based on the nanobody-mediated capture of functionally rele-
vant protein conformers within cells.

Biochemists today are acutely aware that many conclusions
made in in vitro experiments require verification in cells
because of the much greater complexity of cellular environ-
ments when compared with simple and well controlled in vitro
experimental systems. The third minireview by Luchinat and
Banci (11) provides an overview of the cutting-edge field of
in-cell NMR spectroscopy. This rapidly developing research
area has already yielded convincing results that illustrate the
possibility of using the high resolution power of NMR spectros-
copy in a wide range of host cells from various species. One
exciting promise of this technology, originating from the anal-
ysis of the effects of molecular crowding on protein folding and
structure, is to uncover functionally relevant weak protein-pro-
tein interactions. Another promise is to identify the role of the
protein environment/locale in protein folding and assembly.
The minireview also describes the experimental limitations of
in-cell NMR as well as recent approaches that improve spectra
quality and sample lifetime. In addition, the minireview dis-
cusses the first steps in developing a solid-state in-cell NMR
spectroscopy, as well as applications of NMR spectroscopy for
mechanistic studies of human pathologies in cells at the struc-
tural level.

The authors and I hope that you will enjoy reading about
these innovative experimental approaches and the mechanistic
insights that they have generated thus far. It is important to
emphasize that the methods and reagents described in these
minireviews, although currently fairly costly, are conceptually
within the reach of many biochemical laboratories. We hope
that this thematic series will stimulate further interest and will
help to expand these technologies and their applications in
mechanistic studies of molecules in cells.
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Identification of Lgr5 as the intestinal stem cell marker as well
as the growth factors necessary to replicate adult intestinal
stem cell division has led to the establishment of the methods to
generate “indefinite” ex vivo primary intestinal epithelial cul-
tures, termed “mini-intestines.” Primary cultures developed
from isolated intestinal crypts or stem cells (termed enteroids/
colonoids) and from inducible pluripotent stem cells (termed
intestinal organoids) are being applied to study human intesti-
nal physiology and pathophysiology with great expectations for
translational applications, including regenerative medicine.
Here we discuss the physiologic properties of these cultures,
their current use in understanding diarrhea-causing host-
pathogen interactions, and potential future applications.

The absence of drugs to treat many human diseases demon-
strates the limits of clinically relevant data obtained from stud-
ies performed in animal models and cancer cell lines, which has
contributed to the failure of �90% of all potential drug thera-
pies in human clinical trials (1). Development of engineered
human tissues and organ systems derived from stem cells is
providing new model systems to facilitate drug development.
These systems have been pursued with the assumption that
normal human tissues differ in terms of response, efficacy, and
toxicity when compared with animal or cancer-derived cell

models. In the intestine, stem cells are present at the base of the
intestinal crypts (Fig. 1). The lifespan of enterocytes, from the
time of their appearance at the base of crypt and migration
along the crypt-villus axis to the time of shedding from the
villus tip (or colonic surface), is relatively short (�5–7 days).
Thus, constant division of intestinal stem cells is required to
maintain the intestinal epithelium. The molecular identity of
intestinal stem cells was debated until 2007 when Hans Clevers
and colleagues (2) discovered a population of fast cycling intes-
tinal stem cells that uniquely express high levels of Lgr5 (mouse
leucine-rich repeat-containing G protein-coupled receptor 5).
The identification of Lgr5� stem cells and discovery of the
growth factors required for stem cell homeostasis made it pos-
sible to establish ex vivo adult intestinal epithelial cultures or
“mini-intestines,” which can be passaged long-term without
significant genetic or physiologic changes (3, 4).

Human Intestinal Stem Cell-derived Mini-intestines:
Enteroids Versus Organoids

Currently, the two primary ways to generate human mini-
intestines include (a) isolation of intestinal crypts, which con-
tain human adult stem cells, from donors or (b) use of human
embryonic or inducible pluripotent stem cells (iPSCs).3 Both
methods have been described in detail and reviewed elsewhere
(3–5). Intestinal crypts, containing human adult stem cells, can
be isolated either from surgically resected tissue or from biop-
sies, embedded in Matrigel, and cultured as ex vivo self-perpet-
uating three-dimensional primary cultures in growth factor-
enriched media. The critical growth factors for long-term
intestinal culture include Wnt3a, R-spondin, and Noggin (4, 6,
7). Although much of our understanding of the role of Lgr5
has come from mouse studies, successful culture of human
enteroids requires R-spondin, suggesting that LGR5� (human)
cells must be present. Initially, these cultures produce polarized
three-dimensional spheroid-like structures with the apical
domain facing inside newly formed lumens and basolateral sur-
faces in contact with the Matrigel and external media (Fig. 1).
These are referred to as enteroids (derived from small intestine)
or colonoids (derived from colon) and contain only epithelial
cells types derived from the crypt-based stem cells (8). The
major epithelial cell types present in small intestinal enteroids,
in addition to LGR5� stem cells, include Paneth cells, enteroen-
docrine cells, enterocytes, and goblet cells in relatively the same
proportions as are present in the intestine itself (7). Enteroids
vary in size (several �m to mm) and usually double in size over
24 h. After several (�5) days in culture following withdrawal of
the critical growth factors, enteroids differentiate to form a vil-
lus-like epithelium composed of mature enterocytes, enteroen-
docrine cells, and goblet cells, whereas LGR5� stem cells and
transit-amplifying zone cells are lost. Crypt-derived enteroids
represent the fastest approach to generate mini-intestines.
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Human three-dimensional intestinal tissue cultures, termed
organoids, can also be generated in vitro from iPSCs. Based on
the methodologies developed by Spence et al. (5), intestinal
organoids are generated from iPSCs that are differentiated to
form mid- and hindgut tissue. From the mid- or hindgut epi-
thelial cell layers, three-dimensional spheroid buds are further
cultured in Matrigel along with pro-intestinal growth factors.
These spheroids contain intestinal cells, including mesenchy-
mal and all major intestinal epithelial cell types, but lack enteric
nerves and immune cells. In contrast to enteroids, LGR5 is not
robustly expressed during early stages of organoid “develop-
ment,” but is expressed in discreet epithelial domains after pro-
longed culture (5). The similarities and differences between
enteroids and organoids have been reviewed by us and others
(9 –11).

Potential applications for these ex vivo intestinal models
include further understanding of normal digestive physiology,
developmental biology, and pathophysiology of intestinal dis-
eases including inflammatory bowel diseases, cystic fibrosis
(CF), host-pathogen interactions, and regenerative medicine
(9, 12–16). Mini-intestines are also being used to study drug
absorption/toxicity, intestinal wound healing, genetic engi-
neering, and transplantation. To be suitable for these applica-
tions, enteroids and organoids must accurately reproduce
major aspects of normal intestinal epithelial physiology and
reflect key features of the pathophysiology of human intestinal
disorders. Assays to measure these functions are being estab-
lishedwithseveralcommonlyusedbiochemicalassays.Formea-
suring drug toxicity, our laboratories showed that indometha-
cin, a non-steroidal anti-inflammatory drug that has intestinal
side effects including vomiting, diarrhea, and constipation,
causes cell death in human small intestinal enteroids (data not
shown). However, the mechanism responsible for this effect
remains to be determined. These data suggest that human
enteroids recapitulate intestinal drug toxicity in humans.

Differentiation

Differentiation refers to the ontogeny of enterocyte and
secretory cell lineages from crypt-based stem cells along the
vertical crypt/villus axis (4). In the movement along the
crypt/villus axis, epithelial cells differentiate into enterocytes,
enteroendocrine cells, and goblet cells, as well as exhibiting
structural changes with formation of a villus structure (surface
region in the colon). Enterocytes along the crypt/villus axis
exhibit distinct differentiation states between enterocytes
residing in the transit-amplifying zone (less differentiated)
when compared with those in the villi (or surface in colon) that
are more differentiated. There are several common features of
cell behavior in the different intestinal segments (i.e. duode-
num, jejunum, ileum, colon), each of which exhibits structural
and functional diversity. Although the lifespan of enterocytes
and colonocytes is about 5–7 days, the lifetime of Paneth cells,
which sandwich the stem cells at the crypt base to form a niche
for the stem cells, is much longer (�30 days). Both enteroids
and organoids reproduce the same lifespan for all cell types in
culture as occurs in intact tissue (5, 7).

The gradient of WNT3a and EGF signaling is highest at the
base of the crypt, where they secure stem cell survival and pro-
liferation into the transit-amplifying zone, which contains
mainly undifferentiated, proliferating enterocytes or colono-
cytes. There is a gradual decrease in Wnt3a and EGF signaling
from the crypt base toward the gut lumen, which is accompa-
nied by increased signaling gradient of bone morphogenic pro-
tein, BMP (responsible for villus enterocyte differentiation),
and Notch, which differentiates epithelial cells toward secre-
tory phenotypes, including mucus-producing goblet cells, hor-
mone-producing enteroendocrine cells, Tuft cells, M cells
(which require RANkL (receptor activator of NF-�B ligand) as
an additional growth factor), and L cells (6, 17, 18).

Because human enteroids do not produce significant
amounts of WNT3a, EGF, or several other growth factors
essential for stem cell division and cell proliferation, terminal
differentiation is achievable in enteroids by withdrawal of
WNT3a for 5 days (6). This leads to loss of LGR5, a decreased
cell proliferation, and the appearance of secretory and
absorptive cell lineages, including goblet and enteroendo-
crine cells (7). Differentiation also transforms immature crypt-
like enterocytes into differentiated nutrient-absorptive cells
that produce digestive enzymes, including dipeptidyl peptidase
IV (DPPIV), sucrase-isomaltase (SI), lactase, and alkaline phos-
phatase,4 similarly to villus cells in human adult small intestine.

In contrast, iPSC-derived organoids are more similar to fetal
human intestine than adult intestine based on limited gene pro-
filing that compared enteroids generated from human fetal and
adult small intestine (19). A recent study reported that adult-
like intestinal organoids could be derived from iPSCs; however,
these organoids were isolated from iPSCs grown as teratomas
to promote differentiation (20). Importantly, the different
methods used to generate organoids and maintain their growth
in vitro confound comparisons from one study to another. In

4 N. C. Zachos, O. Kovbasnjuk, J. Foulke-Abel, J. Yin, J. In, S. E. Blutt, H. R. de
Jonge, M. K. Estes, and M. Donowitz, unpublished results.

FIGURE 1. Intestinal stem cells (i.e. CBC) located at the base of the crypts
can be cultured ex vivo to generate indefinitely propagating enteroid
cultures. The enteroid epithelium is composed of the same intestinal cell
types that exist in vivo.
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general, the generation of functional, mature cells or tissues
from iPSC cultures has proven challenging across many tissue
types (21–24). The difficulty in achieving significant differenti-
ation in such preparations is linked to their inability to recapit-
ulate normal function of many PSC-derived cells and tissues.
For example, iPSC-derived pancreatic endocrine cells are
unable to secrete insulin in response to glucose (25), and liver
hepatocytes have an enzyme expression profile that is fetal in
nature (26). Because the mesenchymal cells present in
organoids constantly produce growth factors that support cell
proliferation but not differentiation, the inability to remove
growth factors or mimic the growth factor gradient present in
the crypt-villus axis necessary for differentiation results in the
less mature status of the organoids.

Until now, characterization of differentiation in enteroids
and organoids has largely been restricted to the expression of
proteins that are differentially expressed in the villus/surface
and crypt and longitudinal segmental differentiation. Forma-
tion of villi, a major characteristic of the differentiated intestine,
has not been achieved with enteroids and only achieved with
organoids by implanting the organoid beneath the kidney cap-
sule of the mouse (27). These data suggest that the presence of
mesenchyme and proper vasculature may be needed to activate
the genes involved in villus formation; however, future studies
are needed to understand how a crypt/villus axis develops
under these conditions. Other data suggest that mechanical
stress has been suggested to be the important factor for villus
formation. For example, Caco-2 cells grown on Transwell fil-
ters under static conditions form a confluent monolayer that
becomes terminally differentiated �3 weeks after confluency.
In contrast, recreation of a gut microenvironment by flowing
fluid, which produces low shear stress, and exerting cyclic
strain that partially mimics peristalsis stimulates the develop-
ment of Caco-2 columnar epithelium that rapidly polarizes and
spontaneously grows into folds that resemble the structure of
intestinal villi and produces functional tight junctions that
serve as a barrier to small molecules (28). Because luminal per-
fusion alone does not stimulate villus formation in Caco-2
monolayers, cyclic strain appears to be a necessary condition. In
contrast, a more recent study demonstrated that development
of muscle layers around the embryonic gut is necessary for vil-
lus formation (29). Thus, constraint provided by the muscle
tube, rather than spontaneous contractility of smooth muscle,
may be the factor required for epithelial folding (29). Because
both three-dimensional enteroid and organoid cultures spon-
taneously form morphologically well defined crypts, further
studies are necessary to dissect the molecular mechanisms (e.g.
mesenchyme, vasculature, cyclic strain, contraction) that regu-
late “villification” of enteroids, which probably represent a fur-
ther stage of differentiation.

Mini-intestine Segment-specific Patterning

Division of the gastrointestinal tract into multiple distinct
segments, each of which exhibits structural and functional
diversity, raised the question of whether such patterns are
retained in ex vivo mini-intestine cultures. In fact, a recent
study demonstrated that small intestinal enteroids differen-
tially express proteins that are specific to the intestinal segment

(i.e. duodenum, jejunum, ileum) from which they are derived
(30). For example, bile acids are taken up exclusively in the
distal ileum prior to release in the portal venous circulation for
return to the liver. This occurs in distal ileal enterocytes
through entry via the apical Na�-dependent bile acid trans-
porter (ASBT, SLC10A2) and secretion from the enterocytes to
the portal blood by the basolateral transporter, organic solute
transporter � subunit (OSTB). Expression of both ASBT and
OSTB is found only in differentiated enteroids derived from the
ileum (30). In contrast, ileal enteroids lack expression of the
transcription factor GATA4 in both the differentiated and
undifferentiated state. As in native tissue, GATA4 expression in
the proximal small intestine correlates with the suppression of
ileal predominant proteins and controls regional epithelial cell
identity in the adult intestinal epithelium in a differentiation-
independent manner. These data support the current view that
protein expression profiles are intrinsically imprinted within
the human intestinal stem cells (hISCs) of each intestinal seg-
ment that is maintained ex vivo in long-term enteroid cultures.
Although crypt-derived human enteroids express segment-
specific genes, co-expression of GATA4/GATA6 and Paneth
cells in iPSC-derived organoids suggests that they are most sim-
ilar to the proximal small intestine. However, through manip-
ulation of transcription factors, Wells and co-workers have
produced both duodenal and colonic like mini-intestines from
iPSCs.5

Significant differences exist in the segment-specific gene
expression profile between human and mouse intestine and
corresponding enteroid cultures (30). This discovery is impor-
tant as it may partially explain the lack of consistent results of
preclinical mice studies to outcomes in humans. For instance,
the gene encoding the basolateral iron absorptive membrane
protein ferroportin (SLC40A1) is detected exclusively in mouse
duodenum and corresponding enteroids, whereas this protein
is expressed in both the duodenum and the ileum in human
intestine (30). Additionally, lactase is more highly expressed in
the mouse jejunum and in murine jejunal enteroids when com-
pared with very low expression in mouse duodenum and ileum
and in the corresponding enteroids. In contrast, lactase is
expressed in both human duodenal and ileal enteroids, which
supports data on lactase immunostaining in human tissue from
corresponding intestinal segments (30). These contrasting data
further support that mouse models may have limitations in
their ability to accurately model human intestinal physiology.
Moreover, these contrasting data between the mouse and
human suggest that further characterization of the molecular
profile of normal human intestinal tissue, in parallel with
human enteroids or organoids, will provide valuable insights via
experiments designed to study normal human physiology and
intestinal diseases, and for the development of novel therapeu-
tic compounds.

Transport Function

The two major functions of enterocytes are digestion/ab-
sorption of nutrients and water/electrolyte homeostasis. The
transport of electrolytes, which becomes abnormal in diarrheal

5 J. M. Wells and co-workers, personal communication.

MINIREVIEW: Mini-intestines Model Human Intestinal Physiology

FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 3761



diseases, includes luminal Cl� and HCO3
� secretion and Na�

and Cl� absorption. The former occurs in cells expressing
apical cystic fibrosis transmembrane conductance regulator
(CFTR), basolateral NKCC1 (provides Cl� for secretion), and
K� channels (for intracellular charge maintenance). NaCl
absorption occurs in cells with brush-border sodium-hydrogen
exchanger, NHE3, which is functionally linked to the brush-
border Cl�/HCO3

� exchangers, DRA (SLC26A3) (31) and, to a
lesser extent, PAT-1 (SLC26A6).

Using two-photon microscopy with a pH-sensitive dye to
measure intracellular pH (Fig. 2) and a luminal dilatation assay
(12), physiological regulation of intestinal Na� absorption and
Cl� secretion has been quantitated in human small intestinal
enteroids (13). As shown in Fig. 2, NHE3 activity is measured as
the rate of exchange of extracellular Na� with intracellular H�.
Under basal conditions, there is apical NHE3 activity but little
fluid secretion (32). Elevation of intracellular cAMP (by forsko-
lin treatment) activates apical Cl� secretion by CFTR and sig-
nificantly increases the luminal fluid secretion, which can be
measured by luminal dilatation (12). This process is accompa-
nied by inhibition of NHE3 activity (32). Fluid secretion can be
prevented by inhibiting CFTR with specific inhibitors CFTRinh-
172 and GlyH (33, 34). Thus, human enteroids carry out Na�

absorption and Cl� secretion, which appears to be regulated as
occurs in normal digestive physiology (e.g. meal-related secre-
tin release). Another example of transport function in enteroids
that mimics what occurs in intact intestine is uptake of peptides
demonstrated with the fluorescently labeled dipeptide, D-Ala-
Lys-AMCA (5).

Another important lesson learned from enteroid cultures is
derived from the study of CF patients and relates to genetic and
biologic diversity. Deletion of Phe-508 (�F508) is the most
prevalent CFTR mutation and is present in �90% of CF
patients. This mutation causes protein misfolding, endoplas-
mic reticulum retention-associated degradation of CFTR, and
reduced trafficking and stability that result in marginal apical
membrane expression of a partially functional Cl� channel.

Therapy based on combinations of pharmacological correctors
and potentiators has raised hope for better medical outcomes in
CF patients. This combined therapy enhances the delivery of
functional �F508-CFTR to the apical membrane and improves
�F508-CFTR-dependent swelling of enteroids upon forskolin
treatment to 30 – 60% of that observed in enteroids with wild
type CFTR (12). In enteroids expressing another nonfunctional,
truncated CFTR variant, Cl� channel activity is not rescued by
this drug regimen. These data strongly advocate for the devel-
opment of personalized approaches to treat human disease and
support the importance of enteroid models as a therapy-testing
platform for individual patients to effectively treat their intes-
tinal disorders (35). In addition, these studies support the need
to create an atlas of transport protein expression and localiza-
tion in normal human intestinal tissue, which should be
designed to capture genetic and phenotypic biodiversity.

Host-Pathogen Interactions

Enteroids are showing great promise as models to study the
interaction between intestinal pathogens and the intestinal epi-
thelium. To date, human enteroids have been shown to model
human RV infection, cholera toxin effect on transport, and sev-
eral aspects of enterohemorrhagic Escherichia coli-related
human diarrhea (9). RV replicates and produces infectious
virus in human enteroids and organoids, with viral replication
increasing over 96 h (13, 36). Rotavirus infection causes very
rapid inhibition of NHE3, which might be a significant contrib-
utor to RV-induced diarrhea, the pathophysiology of which
remains poorly understood (37). Cholera toxin exposure for
several hours duplicates the inhibition of NHE3 and stimula-
tion of fluid secretion that occurs over a shorter time frame with
forskolin (9). Exposure of enteroids to the enterohemorrhagic
E. coli serine protease, EspP, which possesses cytotoxic activity,
significantly alters the distribution of F-actin in both apical and
basolateral membranes of enterocytes with significant actin
remodeling in microvilli and the terminal web as well as signif-
icant widening of the lateral intracellular space by destroying

FIGURE 2. Human enteroids as a model to study NHE3 activity. Human duodenal enteroid was loaded with the pH-sensitive dye, SNARF-4F (left;
pseudocolor image), and imaged using a two-photo microscope (Olympus). NHE3 activity, which is inhibited by ethylisopropyl amiloride or S3226, is
defined as Na�-dependent intracellular alkalinization following an acid load in the presence of 50 �M HOE-694 (inhibits all other plasma membrane NHE
isoforms) (61). To measure NHE3 activity (right panel), enteroids were acid-loaded by pulsing NH4Cl followed by Na�-free, tetramethylammonium (TMA)
solution, resulting in intracellular acidification. After the addition of Na�-containing solution, brush-border NHE3 exchanged extracellular Na� for
intracellular H�. Intracellular pH of enteroids was calibrated after final exposure to K� clamp solution containing nigericin at various pH values (e.g. 6.25,
6.70, 7.50). Measurements were calculated from regions of interest (multi-colored traces in left pseudocolor image) using MetaMorph Image Analysis
software.
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the cell-cell contacts along the basolateral membrane below the
tight junctions (38). Recently, intestinal organoids have been
used by two laboratories to study Clostridium difficile infection.
The Spence laboratory demonstrated that luminal exposure of
C. difficile in intestinal organoids results in increased paracel-
lular permeability with the C. difficile toxin TcdA having a
more potent effect than TcdB (39). In addition, the Worrell
laboratory found that luminal C. difficile infection reduces
NHE3 and MUC2 protein levels, which may partially explain
how C. difficile creates a luminal environment to enhance col-
onization (40, 41). Further studies of infections of human
enteroids are expected to lead to identification of novel mech-
anisms of human response to infection with a wide spectrum of
human commensals as well as bacterial, viral, and parasitic
pathogens, many of which currently lack animal models. New
models of chronic infection, including those that may lead to
understanding intestinal development and tumor biology, are
also possible, with evidence already being reported for a bacte-
rial infection model to study epithelial-mesenchymal transition
or tumorigenesis (42).

Model Development: Variations in Culture Methods

Recently, several modifications from the original protocol
established by Sato et al. (4) have resulted in the use of growth
factors from different sources to simplify the process of gener-
ating mouse and possibly human enteroids (43, 44). Although
these changes may have some advantages, particularly for spe-
cific intestinal segments, a concern is that modifications may
introduce significant variability in gene expression from pas-
sage to passage and from one laboratory to another. Similar
problems have been documented for the Caco-2 intestinal
epithelial cell culture model, in which the quantitative
aspects of expression of transporter profiles have become
widely divergent (45). This has made it difficult to validate
functional assays with these cells including use for testing of
intestinal drug efficacy and toxicity. We propose that proto-
cols for growth, differentiation, and conditioned media
should be standardized so that differences in gene expres-
sion between different enteroid cultures reflect the true bio-
logic diversity of the human population rather than differ-
ences in cell culture medium/conditions.

Characterization of Crypt-based Stem Cell Subtypes

Currently, one of most controversial areas in intestinal stem
cell biology is the delineation and characterization of multiple
intestinal stem cell populations. It is well established in mouse
models that the fast cycling crypt base columnar (CBC) intesti-
nal stem cells express Lgr5 (mouse). There have been numerous
attempts to prove the existence of so-called “quiescent” or
“reserve” stem cells that divide infrequently and mainly in
response to gut injury (e.g. radiation). The current state of the
field has been recently reviewed in detail (46). The authors note
that numerous lineage-tracing experiments indicate that CBC
cells behave as interconvertible multipotent intestinal stem
cells (2, 47–50). However, regardless of the type of injury (e.g.
radiation), the stem cells that repopulate the intestinal epithe-
lium appear to be Lgr5�. Studies in human enteroids are
needed to determine whether these new models of intestinal

development will confirm results in mice or whether new
mechanisms of intestinal homeostasis will be discovered.

Intestinal Organogenesis

Studies using enteroids and organoids are advancing our
understanding of the role of the epithelium in human intestinal
physiology and pathophysiology. Mouse and human enteroids
are only composed of epithelial cell types and are thus useful to
understand intestinal epithelial cell function in the absence of
other cell types. For example, studies in mouse enteroids have
confirmed a cell-autonomous role of CFTR in the regulation of
intracellular pH, and a sustained alkaline pHi in CF may under-
lie the abnormalities in goblet cell and Paneth cell degranula-
tion reproduced at the enteroid level (51). The mesenchymal
cells that accompany intestinal organoids provide essential
growth factors, and as three-dimensional cultures, organoids
are composed of an epithelial monolayer juxtaposed to the sur-
rounding mesenchyme. Furthermore, after being grown under
the mouse kidney capsule, the mesenchymal cells differentiate
into smooth muscle and sub-epithelial myofibroblasts, the lat-
ter providing some of the extracellular matrix for the epithe-
lium (52). Due to the cellular diversity in intestinal organoid
models, organoids grown under the kidney capsule exhibit
structural characteristics similar to those that exist in the
mature in vivo intestine, including villi with lamina propria and
well organized crypts (27). Whether this architecture replicates
in vivo functions remains to be established. Current models of
intestinal enteroids and organoid mini-intestines lack enteric
nerves and immune cells, and one goal is to add these compo-
nents to develop a more “complex” in vitro intestinal model
using co-culture approaches. An example of this is sup-
ported in a study by Lahar et al. (52), which demonstrated
that long-term culture of the human small intestinal epithelium
required the presence of sub-epithelial myofibroblasts, even
when exposed to Wnt3a-containing media. More recently, the
Grikscheit laboratory, expanding upon the techniques devel-
oped by Evans et al. (53) and Vacanti et al. (54) in the rat,
demonstrated successful regeneration of the human small
intestine (termed tissue-engineered small intestine or TESI)
from collagenase-digested “organoid units” that contain
LGR5� stem cells and mesenchyme (55). Tissue-engineered
small intestine exhibits a villus/crypt axis, but unlike intes-
tinal organoids, it also contains enteric neurons, perhaps
paving the way for neuronal cell replacement therapy in
Hirschsprung disease (56). In addition, intact organoids
injected into the colon of dextran sulfate sodium-treated
mice resulted in organoid implantation and repair of the
damaged epithelium (19). The evolution of the enteroid/or-
ganoid models to include sub-epithelial myofibroblasts,
smooth muscle cells, enteric nerves, immune cells, micro-
biome, and endothelial cells is expected to help facilitate our
understanding of complex intestinal organ development. In
addition, methods have been established to alter gene
expression either by overexpression or shRNA-mediated
knockdown using lipophilic transfection reagents and virus-
mediated transduction (14, 57). These new models may pro-
vide valuable insight into developing methodologies for
intestinal regeneration that lead to therapeutic options
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including repair of the damaged epithelium that occurs in
ulcerative colitis, microvillus inclusion disease, or intestinal
transplantation to treat short bowel syndrome (15, 58).

Future Needs

In conclusion, development of the methodology necessary to
culture human intestinal enteroids and organoids has led to
advances in the understanding of normal human intestinal
stem cell physiology. Although each model is composed of a
differentiated epithelium and can replicate the segment speci-
ficity of the small intestine, as pointed out by Brugmann and
Wells (59), organoids can be developed into a more complex
organ system due to differentiation of their supporting mesen-
chymal cells and thus may be useful in developmental studies or
for regenerative medicine. In contrast, human enteroids can be
generated from all segments of the small intestine and colon
and maintain the molecular and physiological profiles of each
segment. Transport studies have shown that enteroids are func-
tionally regulated under pathophysiological conditions and can
provide insight into mechanisms of disease. Despite the great
potential that exists for each model system, the field remains
quite new and is rapidly progressing. Modifications to estab-
lished protocols are likely to uncover new conditions required
for specific aspects of division and differentiation of these prep-
arations and reveal new translational applications. A recent
example is the demonstration that inhibition of FOXO1 in
human gut organoid cultures yields functional insulin-produc-
ing cells (60). Detailed documentation and comparisons will be
necessary to properly define the genetic, biochemical, and
physiologic aspects of the resulting enteroids and organoids.
These findings will be necessary as these models are used to
answer questions about human intestinal physiology and
pathophysiology and for drug development and regenerative
medicine, among other applications.
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Nanobodies are the recombinant antigen-recognizing domains of
the minimalistic heavy chain-only antibodies produced by cam-
els and llamas. Nanobodies can be easily generated, effectively
optimized, and variously derivatized with standard molecular
biology protocols. These properties have triggered the recent
explosion in the nanobody use in basic and clinical research.
This review focuses on the emerging use of nanobodies for
understanding and monitoring protein dynamics on the scales
ranging from isolated protein domains to live cells, from nano-
seconds to hours. The small size and high solubility make nano-
bodies uniquely suited for studying protein dynamics by NMR.
The ability to produce conformation-sensitive nanobodies in
cells enables studies that link structural dynamics of a target
protein to its cellular behavior. The link between in vitro and
in-cell dynamics, afforded by nanobodies, brings the analysis
of such important events as receptor signaling, membrane
protein trafficking, and protein interactions to the next level
of resolution.

In addition to the conventional IgG antibodies, camelids and
sharks produce unusual antibodies that lack light chains (Fig. 1,
A and B) (1). These heavy chain-only antibodies retain full anti-
gen specificity and binding affinity and can be further truncated
without significant loss of their antigen-recognizing properties
to produce isolated variable domains (VHH).2 The VHHs from
camelids were initially trademarked as Nanobodies, but VHHs
from llama are now more commonly employed for research.
VHHs are also known as single domain antibodies.

Several unique properties of VHHs define their potential as
research tools distinct from the conventional antibodies. First,
nanobodies are much smaller. Although the IgG antibody con-
sists of four chains with multiple domains and has a molecular
mass of about 150 KDa, the nanobody is a single domain with a
molecular mass of only about 15 KDa. Second, nanobodies can
be easily screened for affinity and specificity using a wide spec-
trum of approaches ranging from phage display to NMR. Most
importantly, nanobodies can be cloned, genetically or chemi-
cally modified, and produced in a recombinant form in various
cells, and, potentially, in live organisms. Bacterial expression
systems enable generation of purified nanobodies in milligram
quantities per liter of culture, offering an unlimited supply of a
selective reagent with consistent properties.

Importantly, nanobodies can be used to trace in real time and
manipulate localization and activity of target proteins in
eukaryotic cells (2– 4). This allows correlating protein struc-
tural dynamics in vitro with the behavior of proteins in cells.
The focus of this review is on the novel nanobody applications
that span the full temporal and spatial scales of protein dynam-
ics, from nanoseconds to hours, from isolated domains to whole
cells. Such applications range from studies of fast protein
dynamics by NMR, to detection and stabilization of function-
ally important transient protein conformations, to manipulat-
ing protein trafficking in the cell.

Generation of Nanobodies

A detailed review of nanobody production (Fig. 2) has been
published recently (5). Briefly, llamas (or camels) are immu-
nized with the antigen protein. When immune response devel-
ops, mRNA is isolated from lymphocytes, and a cDNA library of
variable heavy chain domains is created by reverse transcrip-
tion. The cDNA is used to express VHH as fusions with phage
coat proteins (phage display), and the nanobodies are enriched
by one or more rounds of panning against the immobilized
antigen. Routinely, the selected nanobodies are expressed in
Escherichia coli with a hexahistidine tag added to allow purifi-
cation by nickel-nitrilotriacetic acid affinity chromatography,
and a secretion signal sequence inserted to direct the expressed
protein to the periplasm for easier purification and to enable
disulfide bond formation.

Shark heavy chain antibodies IgNAR have also been used to
derive single domain antibodies, which possess similar antigen
binding mode to camelid VHHs (6), and have many of the same
advantages as research tools and potential therapeutic agents
(7).

Nanobodies Versus Fragments of the Conventional
Antibodies as Tools for Structural Biology

The conventional antibodies, exemplified by the most
common isotype IgG, consist of two heavy and two light
chains (Fig. 1A) associated through the disulfide bonds and
non-covalent interactions. The binding properties of the anti-
bodies are defined by the six complementarity-determining
regions (CDRs) located within the variable domains of the
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FIGURE 1. Domain structure of IgG antibodies (A) and heavy chain only camelid antibodies (B). The isolated variable domain of the latter is called
nanobody.

FIGURE 2. Schematic representation of the nanobody generation process, starting with the immunization of a camelid. PBMC, peripheral blood
mononuclear cells; Ni-NTA, nickel-nitrilotriacetic acid; Nb, nanobody; IMAC, immobilized metal affinity chromatography; SEC, size exclusion
chromatography.
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heavy (VH) and light (VL) chains. The large size, multichain
composition, and requirement for essential disulfide bond for-
mation complicate production of the recombinant IgGs. Two
smaller antibody fragments have been developed. The Fab has a
molecular mass of about 50 KDa and consists of the light chain
and a truncated heavy chain, including the two variable
domains. The smallest practical derivative of a conventional
antibody, scFv (�25 KDa), was produced by connecting VH and
VL with an artificial peptide linker.

Because the association between the variable domains of the
light and the heavy chains depends on the hydrophobic inter-
actions, production and applications of the single isolated
variable domains are hampered by poor protein solubility and
aggregation. Although it is possible, in principle, to modify the
amino acid sequence of VH or VL to eliminate the hydrophobic
patches on the protein surface (8), such work is time-consum-
ing and may be derailed by the unintended effects of such muta-
tions. The heavy chain-only camelid antibodies, where variable
domains (VHH) do not interact with any other domains, offer a
much more practical starting point for producing the single-
domain antibodies. Indeed, unlike the isolated human VH
domains, nanobodies are highly soluble. In turn, solubility and
folding properties of the human VH domains can be improved
by introducing a few mutations at the contact surface with the
VL domain based on the sequence comparison to the camelid
VHH (8, 9).

The antibody-derived fragments, in particular Fab, have been
widely used in structural biology to assist crystallization of dif-
ficult proteins, including several by now classic structures (10 –
12). Antibodies can promote crystallization by inducing order
in the flexible regions of the target protein, improving crystal
contacts, and increasing the hydrophilic surface area of the
complex. Nanobodies can be used to assist protein crystalliza-
tion essentially in the same way. Examples of the protein
structures solved with the help of nanobodies include several
membrane receptors and transporters, proteins of bacterial
secretion systems, and others (13–20).

Nanobodies with known binding sites can be employed to
map location of individual domains or proteins by cryo-elec-
tron microscopy (21). When the epitope is located at the inter-
face of the interacting domains or subunits of a protein, the
nanobody can be used to disrupt domain interactions (22). The
main advantage of the nanobodies in such conventional appli-
cations is that a large panel of nanobodies can be easily screened
to identify preferred epitopes or the best co-crystals between a
nanobody and the target protein, or to reveal and stabilize
unknown target conformers (23).

Nanobodies Versus Specific Binding Proteins Designed
on Non-antibody Scaffolds

Natural antibodies inspired design of engineered proteins
that bind to their targets with high affinity and specificity. In
these constructs, a small protein domain with a high natural
propensity for protein interactions is used as a scaffold for the
target-specific binding sequences similar to the CDRs of the
natural antibodies. Initially, a large library of potential binders
with a partially randomized amino acid sequence in the binding
site is created. The high-affinity binders are then selected by

phage display or, recently, by ribosome display (24). Examples
of such scaffold-protein affinity reagents (SPARs) (25) include
DARPins (designed ankyrin repeat proteins). (26), monobodies,
designed on the scaffold of human fibronectin III domain 3 (27),
and also Affibody molecules (28) and anticalins (29).

Crystal structures of various SPARs in complex with their
targets have been solved (30, 31), revealing the binding mode
and illustrating their potential applications in structural biol-
ogy. DARPins (32–34) and monobodies (35, 36) have been used
to solve x-ray structures of such challenging targets as mem-
brane transporters. Nanobodies and SPARs share many of the
same advantages, such as small size, single domain composi-
tion, and the ease of producing recombinant proteins. Produc-
tion of SPARs does not involve animal immunization, a cost-
saving factor. On the other hand, nanobodies have inherently
high affinity, whereas to achieve comparably high SPAR affin-
ity, much larger synthetic libraries have to be generated and
screened, a potentially daunting task. Some knowledge of the
binding mode for the given target would allow using smaller
biased libraries, but such knowledge is often unavailable for
complex membrane proteins from mammalian cells. Another
consideration in choosing between various SPARs and nano-
bodies is the preference for different epitope architectures,
which is to a large extent determined by the shape of the scaf-
fold protein (30). This aspect is discussed below in more detail
for the nanobodies.

Structural Basis of the Distinctive Binding Properties of
the Nanobodies

The VHH domain is composed of a folded �-sheet with three
loops in the regions homologous to the CDRs of the IgG VH
domains (Fig. 1). The length of CDR3 loop in the VHH can
exceed 20 amino acid residues, as compared with the typical
length of 9 (mouse) or 12 (human) in the conventional antibod-
ies. The longer CDR3 loop can insert into the partially buried
binding sites, as first seen in the structure of lysozyme in com-
plex with a nanobody (37) (Fig. 3) (structure diagrams were
generated using MOLMOL (38) and PyMOL (39)), and then in
some other nanobody complexes (40 – 43). However, the bind-
ing mode of the nanobodies and the length of CDR3 loop can
vary greatly (44, 45).

A longer CDR3, the convex shape of the antigen-binding site,
and the small size allow nanobodies to access epitopes that may
be cryptic and non-antigenic for conventional antibodies. In
fact, unlike the conventional antibodies, which more often
detect linear or planar epitopes, many nanobodies bind to con-
cave and discontinuous epitopes that only form in the folded
protein (45). This property makes nanobodies valuable tools for
probing conformational states of the target proteins, both in
vitro and in cells. Nanobodies that bind discontinuous epitopes
can be selected from the initial panel by competition with linear
peptides or with an unfolded protein or by using the masked
selection technique (46). Such nanobodies are particularly use-
ful for stabilizing folded intermediates and specific protein
conformations.

An interesting consequence of the preference for the discon-
tinuous epitopes has been observed in the structure of the
nanobody complex with a heterodimer of editosome proteins

MINIREVIEW: Nanobodies and Protein Dynamics

FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 3769



A3 and A6. These two proteins have overall low level of
sequence identity, but a similar constellation of the essential
residues in two different binding pockets, which caused nano-
body binding to both A3 and A6 (19). This phenomenon can be
exploited to select nanobodies against substrate- or ligand-
binding sites, which usually have a high percentage of con-
served residues across various species.

The stability of the nanobodies is on par with the more stable
of the VH domains of the conventional antibodies, but a truly
remarkable property of VHH is its ability to efficiently refold
with full restoration of its antigen binding properties after ther-
mal denaturation (47). This property opens interesting and

largely unexplored possibilities for the nanobody use in protein
folding studies. Because thermal denaturation of nanobodies is
reversible, conceivably, nanobody binding could be turned on or
off in the NMR tube by simply raising or lowering sample
temperature.

Nanobodies Capture Transient Protein Conformations

In 2010, Kirchhofer et al. (44) published an exciting “proof-
of-concept study” that demonstrated the utility of nanobodies
for detecting and regulating conformational transitions of pro-
teins in vitro and in cells. The authors identified two nanobod-
ies, dubbed the Enhancer and the Minimizer, which had oppo-
site effects on GFP fluorescence. Subsequent structural
analysis revealed that each of the nanobodies induced subtle
changes in the chromophore environment, thus modulating
the absorption properties of GFP. This ability to manipulate
GFP fluorescence enabled higher sensitivity and improved
spatial resolution in studies of GFP-fused proteins in living
cells. Recent development of nanobody applications for
super-resolution microscopy combined with inventive meth-
ods of nanobody derivatization with fluorescent labels opens
new and exciting possibilities for visualizing intracellular pro-
cesses (48 –52).

The ability to identify and trap specific protein conforma-
tions using nanobodies has already found creative uses in elu-
cidating the mechanisms of important cellular events, such as
receptor-mediated signaling, trafficking, and protein complex
assembly. In recent studies of epidermal growth factor receptor
(EGFR) (53–55), the nanobodies enabled detection of a func-
tionally silent EGFR heterodimer, which is distinct from the
active ligand-bound conformer. EGF binding to the extracellu-
lar domain of EGFR triggers conformational changes and
homodimerization, or heterodimerization with the other mem-
bers of the EGFR family, such as ErbB2, initiating the signaling
cascade. The existence of an inactive “tethered” dimer was pre-
dicted (53, 54), but its conformational status was difficult to
define. Nevoltris et al. (55) isolated nanobodies selective either
for the ligand-free or for the ligand-bound EGFR. Using these
conformation-sensitive nanobodies and homogenous time-re-
solved fluorescence measurements, the authors demonstrated
the presence at the plasma membrane of the EGFR/ErbB2
“pre-dimers,” which were structurally and functionally distinct
from the activated dimers. Biological relevance of this finding
was further demonstrated in cells using the wild-type ErbB
receptors.

Inhibitory conformation-sensitive nanobodies were used to
investigate the contribution of L-plastin to the formation of
immune synapse (56). L-plastin is an actin-binding protein,
which redistributes to the immune synapse following interac-
tion between the T cells and the antigen-presenting cells.
Nanobodies that trapped L-plastin in an inactive conformation
affected several distinct steps in the formation of the synapse,
including IL-2 secretion and T cell proliferation. Nanobodies
against various domains of L-plastin further helped to dissect
its interactions with the other proteins involved in the synapse
formation. Thus, nanobodies enabled functional studies of
L-plastin at the level of detail typically achieved by mutagenesis,

FIGURE 3. Structure of a nanobody (orange) in complex with lysozyme
(green). CDR loops 1–3 are shown in light blue, navy, and red respectively.
H-bonds between the nanobody and lysozyme are shown as blue bars. Note
that out of nine intermolecular H-bonds, eight involve CDR3.
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but without potentially complicating the effects of mutations
on protein folding or stability.

Of particular interest are nanobodies that trap the target pro-
tein in a defined conformational state and can be used to
manipulate its activity in the cell. For example, mouse P-glyco-
protein (Pgp) has been crystallized in complex with a nanobody
that bound to one of the two nucleotide-binding domains in the
Pgp dimer. This binding stabilized the inward-facing confor-
mation of the Pgp dimer and inhibited Pgp catalytic cycle by
interfering with the interaction of the two nucleotide-binding
domains (57). The ability to modulate intracellular activity of
Pgp, an ABC-type transporter involved in cancer cell resistance
to chemotherapeutic drugs, suggests the potential for develop-
ing a conceptually new therapeutic strategy to fight drug resis-
tance in cancer cells in the future.

A significant advantage of nanobodies lies in their amenabil-
ity to further optimization for binding to the desired conformer
by repeated rounds of selection from the initial cDNA libraries
or by directed evolution of the previously selected nanobodies.
This property was used extensively to assist crystallization of
the active conformation of the �2-adrenergic receptor (�AR) by
the Kobilka group. Crystallization of GPCRs in the active form
had been a major challenge due to the conformational plasticity
of these states. Multiple optimizing mutations, fusions with a
helper protein, and agonists with very high binding affinity had
been previously employed to stabilize GPCRs in the active con-
formation (58 – 60). A conformation-selective nanobody of-
fered an elegant alternative to these methods.

A nanobody that showed preferential binding to �AR in the
active state (61) was further optimized for binding affinity. A
library of nanobody variants with partially randomized binding
sites was subjected to multiple rounds of positive selection for
stronger binding to �AR in the active conformation stabilized
by a strong agonist. A round of negative selection against �AR
bound to an inverse agonist removed variants with reduced
conformational specificity. This selection process produced a
nanobody with a 10-fold higher affinity, which was used to sta-
bilize and successfully crystallize the active conformation of
�AR in complex with adrenaline (62). A similar strategy was
used to select the conformation-specific variants of a nanobody
against the agonist-bound muscarinic acetylcholine receptor
and led to a high-resolution structure of this GPCR (63).

One biologically important facet of the conformation-se-
lective nanobodies is that by stabilizing the active conforma-
tion, they emulate the effect of the natural interacting partners
of their target protein. Thus, the Nb80 nanobody used to stabi-
lize the active state of �AR increased its affinity to the agonist
isoproterenol by about 100-fold, perfectly matching the effect
of the cognate G-protein, which shows strong binding cooper-
ativity with the receptor agonists (61), and also stabilizes the
active state of the receptor. In fact, crystal structures of the
�2-adrenoreceptor in complex with either Nb80 or the Gs pro-
tein were found to be almost identical (61, 64).

The conformation-selective nanobodies help to investigate
receptor-mediated signaling in live cells with an unprecedented
insight into protein dynamics by bridging protein conforma-
tional transitions and complex intracellular functions (65). A
recent elegant study employed a conformation-sensitive nano-

body to demonstrate signaling by the activated and internalized
�2�adrenergic receptor from the early endosomes (66). This
study revealed that the internalized receptors contribute to the
cellular cyclic AMP response within several minutes after ago-
nist application, thus providing previously unavailable spatial
and temporal information. Selectivity of nanobodies for the
conformational, non-linear epitopes is also likely to reduce
nonspecific “off-target” effects in intracellular applications.

Nanobodies and Intrinsically Disordered Proteins

Nanobodies have been used as crystallization chaperones for
proteins with a high extent of intrinsic disorder, such as anti-
toxin MazE, a component of the programmed cell death system
in bacteria (67). Remarkably, only 45% of amino acid residues
were ordered in that structure. An x-ray structure of the human
prion protein represents another interesting example of using
nanobodies to reveal structural propensities of intrinsically dis-
ordered proteins (68). This structure shows expansion of a
�-sheet in the usually disordered N-terminal region of PrPC,
the normal form of the prion protein. Although formation of
the additional �-strands was likely caused by the nanobody, this
effect may mimic a step in the naturally occurring structural
transition that leads to the increase in the �-strand content, and
consequently to PrPSc aggregation, which culminates in amy-
loid fibril formation. Interestingly, the discontinuous nanobody
epitope in PrPC includes the connecting loop leading to the
newly formed �-strand, but not the strand itself, suggesting that
the nanobody may have triggered a natural transition between
the two energetically close conformations, rather than forced
an artificial structure formation. This work suggests the possi-
bility of using large nanobody panels to explore the dynamic
conformational landscapes of the intrinsically disordered pro-
teins to identify physiologically relevant transitions.

Nanobodies as Probes of Fast Protein Dynamics

Nanobodies open new opportunities for correlating fast pro-
tein dynamics with the function of protein in the cell. NMR
spectroscopy is the most powerful method for studying protein
dynamics on the nanosecond scale. For protein NMR, the small
size of the nanobodies offers unique advantages and truly sets
them apart from the conventional antibodies or their deriva-
tives. Unlike x-ray crystallography or electron microscopy,
solution NMR is increasingly difficult to use with larger pro-
teins. This is mostly a consequence of the relationship between
the rate of molecular tumbling of the protein molecule and
NMR relaxation rates. The slower tumbling of larger proteins
leads to fast relaxation, which produces broad NMR lines that
result in significant peak overlap, deterioration of signal inten-
sity, and eventually major loss of spectral information.

Although the size of protein envelope accessible by high-
resolution NMR has been constantly expanding, proteins above
40 KDa remain challenging targets. Therefore complete IgG
antibodies (150 KDa) and Fab fragments (50 KDa) are not well
suited as tools for protein NMR. In contrast, nanobodies
(12–15 KDa) can be successfully applied to studies of protein
conformation and dynamics in solution by NMR.

Nanobodies can be used as NMR invisible probes, while the
target proteins are isotopically labeled to record two-dimen-
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sional 1H,15N or 1H,13C chemical shift correlation spectra.
Alternatively, isotopically 15N- and/or 13C-labeled nanobodies
can be easily produced by standard isotope incorporation
methods for proteins expressed in E. coli cells (69).

Nanobodies have been used to study the folding of the amy-
loid-forming variants of human lysozyme by NMR (70), as well
as the interactions with the monomeric and fibril forms of �-sy-
nuclein (71, 72). These studies nicely illustrate the high quality
and high information content of the NMR spectra that can be
obtained for the protein-nanobody complexes. The binding
sites of the nanobodies can be accurately mapped by NMR.
Signals of the residues located at the contact surface with the
nanobody show intensity loss, or chemical shift change, de-

pending on the nanobody binding parameters. Crystal struc-
tures of several nanobody complexes with dihydrofolate reduc-
tase showed good agreement between NMR mapping and the
x-ray structures (73).

The potential of nanobodies to analyze dynamics of multido-
main proteins is illustrated in the recent studies of Wilson dis-
ease protein (ATP7B), a transmembrane copper transporter
powered by ATP hydrolysis (Fig. 4A) (74). In cells, activity and
localization of ATP7B are regulated by copper (75). The avail-
able data point to copper-dependent interactions between the
six ferredoxin-like metal-binding domains (MBDs) located in
the cytosolic N-terminal portion of ATP7B (Fig. 4A) as a basis
of this regulation. However, analysis of the domain-domain

FIGURE 4. Conformation and dynamics of metal-binding domains of ATP7B revealed by the nanobodies. A, a homology-based model of ATP7B structure
(80) based on the x-ray structure of a copper-transporting ATPase CopA from Legionella pneumophila (81). A, N, and P denote the respective domains. Green
ovals (MBDs) are the metal-binding domains of ATP7B absent in the CopA structure. B, a model of the chain of six MBD of ATP7B generated from the known MBD
structures (red-yellow and cyan) (82– 84). Nanobody bound to MBD3 is shown in orange. C, free MBD1– 6 (left) and MBD1– 6 with the 2R50 nanobody (orange)
bound to MBD3 (right). Correlation times (�c), which characterize the rate of molecular tumbling, are shown next to each MBD. Changes in �c caused by the
nanobody are color-coded as shown below. D, the difference between the transverse relaxation rates R2 in the absence and presence of the 2R50 or 1R1
nanobody is plotted as a function of the residue sequence number. The locations of individual MBDs in the primary protein sequence are shown. Negative
difference (green3blue) indicates a faster relaxation (slower tumbling) with nanobody bound. Conversely, positive difference (green3red) corresponds to a
slower relaxation in the presence of nanobody and thus faster tumbling.
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interactions proved to be difficult due to their transient nature
and the largely independent motions of MBDs revealed by
NMR studies (76).

NMR offers access to fast protein dynamics through the anal-
ysis of relaxation rates, R1 and R2, and heteronuclear NOEs.
These parameters contain information on the degree of struc-
tural order (order parameter S2), the rate (rotational correlation
time �c), and the extent of anisotropy (diffusion tensor compo-
nent ratio D�/D�) of the molecular motions. Transient inter-
actions between protein domains will affect their mobility,
and thus will be reflected in NMR relaxation parameters.
However, to extract this information, reference data for non-
interacting domains are required. By virtue of their uniquely
small size, nanobodies can be used to selectively disrupt
domain-domain interactions in the context of a full-length
multidomain protein.

Two nanobodies were used to probe the dynamics of the
600-amino acid-long chain of six metal-binding domains of
ATP7B (MBD1– 6, Fig. 4B), one binding to MBD3, and the
other to MBD4. The effects of the two nanobodies on the
domain dynamics were strikingly different. Nanobody binding
to MBD3 predictably increased its correlation time �c (slower
tumbling), but decreased the correlation time of MBD1 and
MBD2 (faster tumbling), to the values close to those observed
for the isolated MBD2. Accelerated molecular motions of
MBD1 and MBD2, in response to nanobody binding to MBD3,
pointed to breaking interactions between the three domains
through displacement (Fig. 4C). Thus, the anti-MBD3 nano-
body revealed transient interactions of the domains, which
were not detectable from the relaxation data without this dif-
ferential approach (77). In contrast, the anti-MBD4 nanobody
only caused deceleration of its target domain without any sig-
nificant effect on the dynamics of the others (Fig. 4D), indicat-
ing that MBD4 does not significantly interact with the other
domains.

The effect of nanobody binding to the MBDs was further
studied in the cells where a stable expression of the nanobody
facilitated trafficking of ATP7B from the trans-Golgi network
to vesicles, mimicking the effect of copper binding to MBDs. To
put domain dynamics into the context of protein function in the
cell, nanobodies can be used to mimic interactions of multido-
main proteins with their physiological partners, in the same key
as described above for the GPCRs and their cognate G-proteins.
In the case of ATP7B, the nanobody may mimic the effect of
Atox1, a cytosolic copper chaperone protein that delivers cop-
per to ATP7B in the cell (78). Atox1-Cu binding and subse-
quent copper transfer to MBD2 (79) may break interactions
between MBD1, MBD2, and MBD3, in the same fashion as the
nanobody binding to MBD3, producing a similar open confor-
mation of MBD1– 6 that triggers ATP7B trafficking.

In summary, nanobodies undoubtedly hold great potential
for mechanistic studies of protein dynamics. A particularly
exciting avenue is combining nanobody-assisted structural
studies in vitro with the manipulation of the protein properties,
activity, or localization in the cell, using the same nanobody
expressed endogenously. Another promising set of applications
is nanobody derivatization. Heavy metals for x-ray crystallog-
raphy and small-angle x-ray scattering, paramagnetic labels for

protein NMR, and fluorescent tags for in-cell work can be con-
veniently attached to the nanobodies, and this is in many cases
preferable to the corresponding modifications of the protein of
interest. A largely unexplored area is the use of nanobodies for
protein folding studies, and their use in fast protein dynamics
studies by NMR is just beginning. Many other nanobody appli-
cations that at this point escape the imagination of the authors
will undoubtedly be developed in the near future.
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Conventional structural and chemical biology approaches are
applied to macromolecules extrapolated from their native con-
text. When this is done, important structural and functional fea-
tures of macromolecules, which depend on their native network
of interactions within the cell, may be lost. In-cell nuclear mag-
netic resonance is a branch of biomolecular NMR spectroscopy
that allows macromolecules to be analyzed in living cells, at the
atomic level. In-cell NMR can be applied to several cellular sys-
tems to obtain biologically relevant structural and functional
information. Here we summarize the existing approaches and
focus on the applications to protein folding, interactions, and
post-translational modifications.

Overview of In-cell NMR Approaches

A cellular structural approach is needed if we want to char-
acterize macromolecules, their interactions, and their func-
tions while they retain their native, intracellular localization. In
this respect, NMR spectroscopy is an ideal technique for study-
ing macromolecules in living cells, as it is non-destructive and
provides structural and biochemical details of macromolecules
in solution, over a wide range of temperatures. The first in-cell
NMR proof-of-principle was described by Serber et al. (1, 2),
where the name “in-cell NMR” was coined to describe high-
resolution NMR applied to obtain structural information of a
macromolecule, e.g. a protein, inside living cells, as opposed to
“in vivo NMR,” which often refers to the observation of small
molecules in living organisms. In those works, the authors
exploited recombinant protein expression in bacterial cells, an
established sample preparation strategy for structural biology
(Fig. 1a). With proper adaptations of the cell growth and induc-
tion protocol, globular soluble proteins (bacterial NmerA and
human calmodulin) were overexpressed and isotopically
labeled in Escherichia coli cells to a sufficient level to be
detected by NMR above the other cellular components. Some
important parameters were assessed, such as cell viability dur-
ing the experiments, timing and type of isotopic labeling, and
NMR line broadening. Uniform 15N-labeling was found to be
the ideal choice in most cases, whereas uniform 13C labeling is
often unsuitable for this type of experiment, due to the high
natural occurrence of 13C (1.1%) and to the high amount of
carbon atoms in biological molecules. [methyl-13C]Methionine

labeling was shown to be a viable strategy to detect side chain
carbon atoms with good selectivity against the cellular 13C
background (3); other amino acid type-selective labeling strat-
egies were also examined (2). Labeling of the protein of interest
with non-natural amino acids containing 19F was also demon-
strated to be a useful approach to investigate protein dynamics
in the cellular environment (4, 5). Although 19F-containing
amino acids tend to have large spectral overlap, the in-cell NMR
spectra are virtually background-free. 19F allows for slower-
tumbling molecules to be observed and is potentially useful for
studying protein-drug interactions.

Further development of NMR in E. coli cells capitalized on
the knowledge of bacterial protein expression systems. Burz et
al. (6, 7) combined different systems for controlling expression
of heterologous proteins, so that two or more proteins are over-
expressed at different times in the same cells, and isotopic
enrichment of a single protein can be performed. This
approach, called STINT-NMR, allows protein-protein interac-
tions to be investigated directly in bacterial cells, and was
applied to characterize the interaction between ubiquitin and
two ligands, a ubiquitin-binding peptide and the signal trans-
ducing adaptor protein STAM2 (6, 8). The same authors devel-
oped a similar approach, SMILI-NMR, which allows character-
izing interactions of proteins with small molecules (9). The
technique relies on STINT-NMR to produce a protein complex
inside the cells, with only one partner isotopically labeled. The
cells are then screened against a library of small molecules and
monitored by in-cell NMR to detect changes in the complex
due to protein-small molecule interactions occurring within
the cells.

On the spectroscopy side, the application of advanced NMR
methods increases the possibilities offered by in-cell NMR
approaches. Structural investigation by NMR heavily relies on
high-dimensionality (i.e. three-dimensional or more) hetero-
nuclear experiments. Such experiments are necessary to per-
form a complete resonance assignment, which in turn serves as
a starting point to solve the three-dimensional structure of a
protein. However, they suffer from low sensitivity and require
long experimental times, which are prohibitive considering the
limited durability of living cell samples. Reduced sampling
schemes decrease the time required for the acquisition of mul-
tidimensional NMR experiments (10), whereas fast-pulsing
schemes decrease the interscan delay and increase the sensitiv-
ity by allowing the acquisition of more scans per unit of time
(11). These approaches were shown to be beneficial when
applied on bacterial cells (12) and were eventually used to deter-
mine a protein structure de novo, exclusively relying on in-cell
NMR data (13). Direct 13C-detected NMR experiments were
also proven to be useful to investigate intrinsically disordered
proteins in cells (14, 15). Spectra of intrinsically disordered pro-
teins have low dispersion of the 1H signals, whereas heteronu-
clear 13C-detected experiments benefit from improved resolu-
tion and relaxation properties over standard 1H-detected
experiments (16).
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Since in-cell NMR was established in bacterial cells, it was
clear that it could potentially bridge the gap between structural
and cellular biology. However, the technique would only
unleash its full potential when applied to eukaryotic cells, and
eventually mammalian cells. NMR in eukaryotic cells was first
successfully performed on Xenopus laevis oocytes (17–19).
Thanks to the large size of these cells, proteins, first produced
by recombinant expression, can be then inserted into the
oocytes by microinjection (Fig. 1g). This approach provides
high labeling selectivity (almost no cellular background); how-
ever, it requires the protein to be highly concentrated before
injection, to avoid excessive dilution in the oocyte cytoplasm.
Notably, injection in X. laevis oocytes was also successfully
applied to observe nucleic acids by in-cell NMR (20, 21). A
further step forward was made by Inomata et al. (22), which
reported the first example of in-cell NMR spectroscopy in cul-
tured human cells. The authors devised a way — conceptually
similar to microinjection, but on the molecular scale — to insert
a purified protein inside the cells. Their approach relied on a
fusion between the protein of interest and a cell-penetrating
peptide (CPP)2 derived from the HIV-1 Tat protein (Fig. 1d).
Alternatively, the CPP sequence could be covalently linked to
the protein in vitro through a disulfide bond, which was then
reduced in the cytoplasm, thus releasing the peptide-free pro-
tein. This approach was later applied to observe the human

protein copper, zinc superoxide dismutase 1 (Cu,Zn-SOD1),
in human cells. However, the protein had to be heavily mod-
ified to be efficiently imported (23). Ogino et al. (24)
reported an alternative approach to translocate labeled pro-
teins into cultured human cells, which relied on the use of
pore-forming toxins (streptolysin O) to permeabilize the
plasma membrane and allow the entrance of a sufficient
amount of protein (Fig. 1e). By treating the cells with Ca2�,
the plasma membrane could be resealed, thereby preventing
cell death. More recently, protein electroporation was
reported as an efficient method for inserting proteins into
mammalian cells (25). Electroporation reversibly permeabi-
lizes the plasma membrane, thereby letting a protein into the
cells by passive diffusion (Fig. 1f). Conceptually different
from protein insertion, intracellular protein expression was
also shown to be achievable in cultured human cells by our
research group (Fig. 1c) (26). The expression approach was
made possible by exploiting recent advancements in mam-
malian protein production systems (27, 28). This approach
has the advantage of investigating proteins directly in the
cells where they are synthesized and does not require any
import in other types of cells. It is therefore especially useful
to study protein folding and maturation processes occurring
immediately after protein synthesis in the cytoplasm (26,
29). In-cell NMR on proteins expressed directly in the cells
can also be performed in yeast, as shown by Bertrand et al.
(Fig. 1b), and in insect cells, as shown by Hamatsu et al. (31)
(Fig. 1c). By inducing protein expression in yeast supple-
mented with different nutrients, the expressed protein is

2 The abbreviations used are: CPP, cell-penetrating peptide; Ubq, ubiquitin;
Pup, prokaryotic ubiquitin-like protein; fALS, familial variant of amyo-
trophic lateral sclerosis; MAS, magic angle spinning; Cu,Zn-SOD1, copper,
zinc superoxide dismutase 1.

FIGURE 1. Overview of the existing sample preparation approaches for in-cell NMR. a– c, isotopically labeled proteins can be expressed (green) in bacterial
cells (a) and yeast cells (b) by transforming the cells with expression vector(s) encoding the protein(s) of interest; proteins can be expressed in insect and human
cells (c) by transfecting the cells with constitutive expression vectors. Isotopically enriched nutrients are added after induction/transfection. d–f, purified
labeled proteins (blue) can be inserted in human cells by Cu,Zn-SOD1 CPP-mediated delivery (d), or by permeabilizing the cells either with pore-forming toxins
(e) or via electroporation (f). g, proteins can be inserted in X. laevis oocytes by microinjection.
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localized in different cellular compartments, and the effect
of different subcellular environments on the protein can be
investigated (30).

One intrinsic limitation of the technique is the limited cell
lifetime inside the NMR tube, which often prevents the acqui-
sition of experiments longer than few hours. Efforts to increase
sample viability have been made, and resulted in the design of
bioreactors that can be fitted inside an NMR spectrometer.
Such bioreactors have been reported for both bacteria (32) and
human cells (33). In both designs, a flow is applied that replaces
the spent medium with fresh medium, providing nutrients and
stabilizing the external pH. To reduce mechanical stress, the
cells are encapsulated within a hydrogel, where they can still
exchange nutrients and by-products, thus improving sample
lifetime.

Effects of Crowding on Folding and Weak Interactions

In-cell NMR allows observation of structural and functional
features of proteins within intact living cells at room tempera-
ture. Therefore, it is ideally applied to understand how the ther-
modynamics of protein folding are affected by the intracellular
environment. Bacterial cells can be considered a suitable model
system when studying proteins — either bacterial or eukaryotic
— which are natively localized in the cytoplasm, as the physic-
ochemical properties of the cytoplasm are comparable among
different organisms, if functional interactions are not to be
taken into account. A consequence of the high concentration of
macromolecules (mainly proteins and nucleic acids) in the
cytoplasm is macromolecular crowding. Its main effect on sol-
ute molecules is the excluded volume; due to steric repulsion
between macromolecules, a large fraction of the total volume of
the cytoplasm would not be accessible to other solute macro-
molecules, such as proteins. Therefore, the effective concentra-
tion of the latter, as well as their thermodynamic activity, would
increase accordingly. As a consequence of this, the folding equi-
librium of a protein is expected to shift toward the folded con-
formation, which minimizes the occupied volume. The crowd-
ing effect of the cytoplasm on protein folding was first observed
through in-cell NMR by the Pielak group (34). In their work,
Dedmon et al. (34) showed that FlgM, an intrinsically disor-
dered protein from Salmonella enterica serovar Typhimurium,
obtained a partially folded conformation in the cytoplasm of
E. coli. As a consequence of folding, the amide crosspeaks of the
C-terminal part of the intracellular protein were not detected in
the NMR spectra, whereas those arising from the N terminus,
which remained unfolded, could still be detected and remained
unchanged when compared with the protein in solution. The
resulting NMR spectrum was similar to that of FlgM interacting
with the transcription factor �28 in vitro, in which the C termi-
nus of FlgM is known to be in exchange with a folded confor-
mation bound to �28. Recently, Smith et al. (35) measured the
amide hydrogen exchange rates of intrinsically disordered pro-
teins (�-synuclein and FlgM) in bacterial cells and showed
that protein disorder still persisted in the crowded cellular
environment.

When proteins act as crowding agents, additional phenom-
ena can affect the protein folding landscape. Weak attractive
interactions can occur between the crowding agents and a poly-

peptide, which stabilize more exposed conformations. This
enthalpic contribution would therefore counterbalance the
excluded volume, which is a purely entropic effect. The extent
to which these two contributions affect the folding landscape of
a protein depends on the intrinsic properties of the latter.
Schlesinger et al. (36) proved this concept by showing a striking
example of a protein that fails to reach the folded conformation
in the bacterial cytoplasm. In the study, a variant of protein L
from Peptostreptococcus magnus was investigated, which has a
marginally stable folded conformation in vitro in the presence
of K� ions. In the bacterial cytoplasm, under similar concentra-
tion of K� ions, the protein was mostly unfolded, indicating
that interactions with other cytoplasmic components can
overcome the excluded-volume effect, preventing folding of
natively unstable globular proteins.

A common effect of the cellular environment on the in-cell
NMR spectra of soluble proteins, which has been observed
since the beginning, is the general broadening of the NMR res-
onances. The signal broadening is, in the simplest cases, due to
a slower tumbling of the protein in the cytoplasm with respect
to aqueous buffers. Intriguingly, globular proteins of similar
size were shown to have very different NMR relaxation proper-
ties, and many of them tumble so slowly that they cannot be
observed at all by in-cell NMR. Although line broadening is
often observed in folded proteins, it is less likely to occur in
disordered fragments. An example of such different behavior
was shown in E. coli by Barnes et al. (37). A fusion construct was
used consisting of ubiquitin (a folded protein) attached to �-sy-
nuclein (an intrinsically unfolded protein) with a flexible linker.
In the bacterial cytoplasm, only the backbone resonances of
�-synuclein were detected, whereas ubiquitin could only be
detected upon lysing the cells. Wang et al. (38) characterized by
in-cell NMR the rotational diffusion of three globular proteins
in the bacterial cytoplasm: the B1 domain of staphylococcal
protein G (GB1), a fusion of two GB1 domains, and the metal-
binding domain of mercuric ion reductase (NmerA). By com-
paring the linewidth increase in cells, in lysates, and in a series
of buffer solutions of increasing viscosity, they showed that the
tumbling rate decreased differentially for each protein and did
not correlate with the increased viscosity of the cytosol, nor
with the molecular weight (Fig. 2a). Thus, the line broadening
effect could not be attributed only to increased viscosity or
excluded volume effects, and is mainly due to weak interactions
between the soluble protein and the other cytoplasmic
components.

The extent of weak interactions in the presence of protein
crowders was extensively investigated in vitro by the Pielak
group. By measuring NMR relaxation properties of proteins in
the presence of different crowding agents, they showed that
proteins as crowding agents differ from synthetic polymers in
that they exert weak, nonspecific interactions that impact pro-
tein translational and rotational diffusion (39) as well as folding
stability (40, 41). More recently, the same research group
devised a way to obtain quantitative, residue-level information
on the folding thermodynamics of intracellular GB1. The
authors measured by NMR the amide hydrogen-deuterium
exchange on cell lysates; after quenching by acidification, the
hydrogen-deuterium exchange occurred in the cells at different
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times (42). With this approach, they showed that the cytoplasm
stabilizes the folded state of GB1, whereas protein crowding
agents in vitro have an opposite effect, thus highlighting the
intrinsic complexity of the intracellular milieu.

For some proteins, nonspecific interactions with the intra-
cellular environment are strong enough to prevent NMR anal-
ysis even after diluting the cytoplasm upon cell lysis. Crowley et
al. (43) probed such interactions by performing size-exclusion
chromatography on cell lysates. They showed that in the bac-
terial lysate, cytochrome c (13 kDa) eluted with an apparent
molecular mass of �150 MDa, due to interactions with cytoso-
lic proteins. The effect was abolished in charge-inverted
mutants, or with a high concentration of NaCl in the elution
buffer, suggesting interactions of electrostatic nature. These
charge interactions were also analyzed by observing a synthetic
construct (�Tat-GB1) in a bacterial lysate by size-exclusion
chromatography and NMR (44).

In eukaryotes, post-translational modifications can alter the
surface properties of a protein. In X. laevis oocytes and extracts,
Luh et al. (45) showed that a peptidyl-prolyl isomerase (Pin1)
interacts nonspecifically with the environment through the
N-terminal Trp-Trp-binding module (WW) domain. Interest-
ingly, upon substrate recognition, the nonspecific interactions

between the WW domain and the environment are lost, and
both specific and nonspecific interactions are abrogated when
Pin1 contains a mutation that mimics phosphorylation of the
WW domain (Fig. 2b).

Together, these works highlight the diversity of the possible
protein-environment interactions and hint at the existence of a
hidden layer of weak functional interactions between intracel-
lular proteins, referred to as quinary interactions, which were
predicted long ago but have since remained mostly uncharac-
terized (46).

Protein Interactions, Maturation, and
Compartmentalization

The results discussed above demonstrate that the cellular
environment can have an important role in fine-tuning the
structural and dynamic properties of biological macromole-
cules. Therefore, in-cell NMR also stands as an ideal approach
to determine how the functional properties of biomolecules,
which in turn depend on their structure and dynamics, are
affected by the environment. Of particular interest are the
mechanisms that regulate the fate of proteins within the cells:
from the initial folding, to co-factor binding or post-transla-
tional modifications, translocation in the relevant cellular com-

FIGURE 2. Effect of the molecular crowding on different proteins. a, in-cell 1H-15N correlation spectra of the B1 domain of staphylococcal protein G (GB1,
left), mercuric ion reductase (NmerA, center), and a fusion of two GB1 domains (dGB1, right) in E. coli. Although dGB1 is larger than NmerA, it interacts less with
the environment, giving rise to sharper NMR signals. a.a., amino acids. Adapted with permission from Ref. 38. Copyright (2011) American Chemical Society. b,
in-cell 1H-15N correlation spectra of the Trp-Trp-binding module (WW) domain of the peptidyl-prolyl isomerase Pin1 in X. laevis oocytes. Unmodified WW (left)
constantly interacts with the environment, resulting in signal loss; phosphorylation of Ser-16 (mimicked by S16E mutation, center) and interaction with a
substrate (right) abrogate the nonspecific interactions, and the fast-tumbling WW domain can be detected by NMR. Adapted with permission from Ref. 45.
Copyright (2013) American Chemical Society.
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partment, and eventually, degradation. All these processes are
strictly dependent on interactions with specific partners, which
in turn are finely regulated inside the cell (e.g. they depend on
partner and co-factor availability, properties of the environ-
ment, cellular localization).

By applying the STINT-NMR method, Burz and Shekhtman
(8) showed in E. coli cells how a ubiquitin-partner interaction
changed upon phosphorylation of the partners. The authors
monitored the interaction of ubiquitin (Ubq) with two compo-
nents of the receptor tyrosine kinase endocytic sorting machin-
ery (STAM2 and Hrs) separately and together (STAM2-Hrs
heterodimer). In a separate set of experiments, tyrosine-kinase
Fyn was also expressed, and the two interacting proteins were
phosphorylated in-cell. Isotopically labeled Ubq was then
expressed, and then monitored by in-cell NMR. Phosphoryla-
tion was found to weaken the interaction between Ubq and the
interacting partners, whereas the mode of interaction between
Ubq and either of its partners did not change between the
binary and the ternary complexes. An advantage of this
approach is that interactions involving proteins with a short
lifetime, which are not easily purified, can be studied. The same
approach was then applied to investigate how the mycobacte-
rial proteasome regulates the degradation of the prokaryotic
ubiquitin-like protein (Pup) (47). Pup-GGQ (precursor of the
active Pup-GGE form) is a small and unstructured protein that
exerts in prokaryotes a similar function to that of eukaryotic
ubiquitin, by targeting proteins to the proteasomal machinery.
In that work, Pup-GGQ was shown to interact weakly with the
proteasomal ATPase (Mpa) through residues in its N and C
terminus (Fig. 3a). Conversely, in the presence of the full pro-
teasomal particle (Mpa-proteasome core particle complex),
Pup-GGQ was extensively bound to Mpa through most of its
residues, suggesting that it binds to both the mouth and the
central cavity of Mpa hexamer.

Protein-drug interactions can also be monitored by in-cell
NMR, as shown both in E. coli (9) and in human cells (22), by
observing binding of immunosuppressant drugs to the FK-506-
binding protein. More recently, the interaction between cispla-
tin and the human copper chaperone Atox1 was characterized
by NMR in bacterial cells by Arnesano et al. (48). Upon treat-
ment of cells with cisplatin, the formation of a previously
uncharacterized 1:1 {Pt(NH3)2}-Atox1 complex was observed
first, followed by loss of the ammines and formation of a plati-
num-bridged Atox1 dimer. Thus, in-cell NMR shows great
potential for drug design applications, as the effects of the cell
environment on drug import, localization, and binding selec-
tivity can be investigated.

Functional interactions regulating eukaryotic proteins
should ideally be studied in the correct cellular environment.
For example, protein phosphorylation has a fundamental role
in regulating protein activity and transducing information
throughout the eukaryotic cell. Selenko et al. (49) investigated a
sequence of phosphorylation events occurring to a substrate of
CK2 by monitoring real-time phosphorylation events in vitro,
in X. laevis egg extracts, and in intact live oocytes. They ana-
lyzed the regulatory region of the viral SV40 large T antigen,
focusing on adjacent CK2 phosphorylation sites, and found that
a stepwise sequence of phosphorylation events occurred, which

required the substrate to detach from CK2 in the intermediate
step. After in vitro characterization, the authors could observe
the same mechanism in both X. laevis egg extracts and
live oocytes, by the action of endogenous CK2 (Fig. 3b). The
same approach was used by Amata et al. (50) to study the phos-
phorylation of a disordered domain of c-Src in oocytes and egg
extracts, where differential phosphorylation patterns pointed
to indirect effects of the kinase-phosphatase networks.

Many eukaryotic proteins require a series of maturation
events to take place to reach their final, functional form. To
investigate such processes by in-cell NMR, the protein should
ideally be synthesized within the eukaryotic cell. Together with
members of our research group, we developed and applied a
method to observe, by NMR, maturation of proteins directly
expressed in cultured human cells. We first applied this method
to the maturation events of the human Cu,Zn-SOD1 metallo-
protein, a conserved enzyme mainly localized in the cytoplasm,
which protects the cell from oxidative damage (26, 51). We
characterized by in-cell NMR the conformation of the interme-
diate maturation states of SOD1 by varying the abundance of
the metal co-factors in the cell culture. In human cells, by
enhancing the expression of the specific metallochaperone
(CCS), we observed the CCS-dependent copper transfer and
the formation of an internal disulfide bond, and revealed that
CCS could promote disulfide formation in a previously
unknown copper-independent mechanism (Fig. 3c). Mutations
in the human SOD1 gene are related to the familial variant of
amyotrophic lateral sclerosis (fALS), a fatal neurodegenerative
disease. We recently analyzed the impaired folding mechanism
of a set of fALS-linked SOD1 mutants in human cells by NMR
(52). Although the mutations studied do not alter the structural
properties of the metal-binding sites of SOD1, some of the
mutants could not bind intracellular zinc, unlike the wild type
protein, and were shown to irreversibly accumulate in an
unstructured apo conformation, which was previously unchar-
acterized at residue level. Co-expression of CCS in the presence
of copper rescued the maturation process of the mutant pro-
teins, allowing them to reach the mature, folded form (Fig. 4).

Eukaryotic cells heavily rely on compartmentalization to sep-
arate different cellular processes. The vast majority of proteins
are encoded by nuclear DNA and are synthesized in the cyto-
plasm. These proteins are then actively sorted and targeted
toward the relevant organelles. In-cell NMR can be applied to
understand how protein translocation mechanisms are regu-
lated and how different subcellular environments affect protein
function. Bertrand et al. (30) showed in yeast cells how the
dynamic properties of ubiquitin change upon localization
within different cellular compartments. By changing the
growth medium composition, overexpressed ubiquitin could
be either localized in the cytosol or targeted to protein storage
bodies, where it had slower rotational diffusion. Mitochondrial
protein import is another example of how the environment
regulates protein function in each compartment. Our group
showed by in-cell NMR that the import of Mia40, an oxi-
doreductase of the intermembrane space responsible for the
oxidative folding of proteins in the intermembrane space, is
regulated in the cytoplasm by a redox-controlled folding (29).
Mia40 expressed in the cytoplasm of human cells adopts a
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folded conformation, due to the formation of two structural
disulfide bonds, which cannot be imported into mitochondria.
Co-expression of one of the two main thiol-disulfide-regulating

proteins of the cytoplasm (glutaredoxin 1 or thioredoxin 1)
caused Mia40 to remain unfolded, in an import-competent
state. Finally, we recently showed that NMR can be performed

FIGURE 3. Applications of in-cell NMR to study protein function. a, in E. coli, the interaction between 15N-labeled Pup and unlabeled proteasomal ATPase
(Mpa) causes the resonances from some residues of Pup to broaden (left, black spectrum). The broadened residues mapped on a structural model (right, in red)
show the mode of interaction. Reprinted from Ref. 47 under CC BY license. b, time-resolved in-cell NMR of CK2-dependent phosphorylation of a 15N-labeled
SV40 large T antigen peptide injected in X. laevis oocytes shows that Ser-111 and Ser-112 are sequentially phosphorylated with a two-step mechanism. pSer111,
phospho-Ser-111; pSer112, phospho-Ser0112. Reprinted by permission from Macmillan Publishers Ltd., Nat. Struct. Mol. Biol. (49). Copyright (2008). c, the
chaperone-dependent formation of an intramolecular disulfide bond (S–S) is observed by in-cell NMR on [15N]cysteine-labeled SOD1 expressed in human cells.
In the absence of supplemented copper, partial disulfide formation occurs (left); when copper is supplemented, Cu-CCS-dependent disulfide formation is fully
observed. Reprinted by permission from Macmillan Publishers Ltd., Nat. Chem. Biol. (26). Copyright (2013).
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on the intact mitochondria extracted from human cells (53).
In-mitochondria NMR can provide precious structural infor-
mation on mitochondrial proteins, and the approach can in
principle be extended to other organelles.

Initial Developments in Solid-state In-cell NMR

An intrinsic limitation of solution NMR is the need for fast
rotational diffusion of the observed molecules. Although this
already poses an upper limit to the molecular size, even small
proteins, as discussed above, may interact with the intracellular
environment up to a point where they cannot be detected by
solution in-cell NMR. Additionally, proteins associated with
membranes, DNA, or the cytoskeleton are not suitable targets
for in-cell solution NMR. Magic angle spinning solid-state
NMR (MAS NMR) can overcome such limitations. To circum-
vent the molecular tumbling rate limit, the sample needs to be
spun at high speed within the magnetic field. Fast spinning can
cause high mechanical stress to cellular samples and is there-
fore a major obstacle for proper in-(living) cell NMR experi-
ments. Bacterial cells offer moderate resistance to mechanical
forces and can tolerate the experimental conditions required by
MAS NMR. Renault et al. (54, 55) applied MAS NMR to study
the conformation of a small trans-membrane protein (the bac-
terial outer membrane protein OmpA) inside intact E. coli cells
and isolated membranes. By freezing bacterial cells, Reckel et al.
(56) showed that signals from soluble proteins, which form high
molecular weight transient complexes with other cellular com-
ponents, can be detected by MAS NMR. In both cases, complex

isotopic labeling strategies and tailored SS-NMR experiments
had to be devised to improve spectral quality and allow data
interpretation. For the application of MAS NMR to mamma-
lian cell samples, complex isotopic labeling and improved resis-
tance to mechanical stress represent future challenges.

Future Directions

The ability to investigate macromolecules within living cells
at an atomic level is an important asset for structural biology.
In-cell NMR is a relatively young approach, and many of the
methods reviewed here have not yet been applied to scenarios
other than those described in the original articles. In other
instances, the methods have already found applications, and
novel biological findings have been reported. In fact, in-cell
NMR has largely proven to be up to the task by providing infor-
mation on protein structure, dynamics, interaction, and ulti-
mately, function in multiple cellular environments. We believe
that the applications described in this review really show the
potential of the approach. E. coli cells provide a good model
environment for the cytoplasm, and bacterial in-cell NMR is
relatively cost-effective and easy to implement. However,
future developments of the technique should — and will — be
directed toward improved eukaryotic model systems. In partic-
ular, the availability of a general approach to allow in-cell NMR
in many types of mammalian cell lines would push the bound-
aries of the technique, as it would allow unique atomic-level
studies of disease-related protein alterations, such as aggrega-
tion phenomena, as well as other types of cellular stress, in cells

FIGURE 4. Disease-related mutations cause maturation defects in SOD1. fALS-linked mutations in the SOD1 gene impair zinc binding of the apo protein and
cause the intracellular accumulation of an unstructured species detected by NMR in human cells (left), which is potentially a precursor of the cytotoxic
aggregated SOD1 species that are a hallmark of the disease. Co-expression of CCS in the presence of excess copper rescues the mutant protein, preventing
misfolding and allowing it to reach the mature, folded form (right). Reprinted by permission from Macmillan Publishers Ltd.,: Nat. Commun. (52). Copyright
(2014).
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with the meaningful phenotype. Development of solid-state
NMR in eukaryotic cells would greatly increase the possible
applications by overcoming the tumbling rate problem and by
extending the method to proteins stably associated with cellu-
lar structures. As a closing remark, we believe that in-cell NMR
should be combined with other cellular techniques (e.g. super-
resolution microscopy and electron cryo-microscopy) to
develop totally new, integrated approaches for structural cellu-
lar biology. As an example, in a recent work, we have combined
in-cell NMR with synchrotron radiation x-ray fluorescence
microscopy and optical microscopy on immobilized cell sam-
ples to correlate the metallation state(s) of human SOD1 (mon-
itored by in-cell NMR) with its expression levels and metal dis-
tribution within the cells. We observed that the increase in total
cellular zinc was correlated with the SOD1 metal binding event,
thus showing that the approach can potentially be applied to
investigate protein-metal interactions at the subcellular level
(57).
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The triggering receptor expressed on myeloid cells (TREM) 2
is a member of the immunoglobulin superfamily of receptors
and mediates signaling in immune cells via engagement of its
co-receptor DNAX-activating protein of 12 kDa (DAP12).
Homozygous mutations in TREM2 or DAP12 cause Nasu-Ha-
kola disease, which is characterized by bone abnormalities and
dementia. Recently, a variant of TREM2 has also been associated
with an increased risk for Alzheimer disease. The selective
expression of TREM2 on immune cells and its association with
different forms of dementia indicate a contribution of this
receptor in common pathways of neurodegeneration.

The triggering receptors expressed on myeloid cells (TREMs)2

are members of the immunoglobulin-lectin-like superfamily of
receptors. They represent type I membrane proteins with a sin-
gle immunoglobulin-like domain in their N-terminal ectodo-
main, one transmembrane domain, and a short C-terminal
intracellular tail (1, 2) (Fig. 1).

In humans, two homologous genes on chromosomes 6p21
encode two similar proteins, TREM1 and TREM2 (1, 3).
Despite their high homology, TREM1 and TREM2 have diver-
gent expression patterns and signaling functions. Although
activation of TREM1 increases the secretion of pro-inflamma-
tory cytokines, TREM2 instead has anti-inflammatory activity
(4 –7). However, both receptors lack signaling motifs in their
cytoplasmic domains and require association with the co-re-
ceptor DNAX-activating protein of 12 kDa (DAP12) to mediate
intracellular signal transduction. The cytoplasmic domain of
DAP12 contains a characteristic immunoreceptor tyrosine-

based activation motif (ITAM). The interaction of TREMs and
DAP12 is mediated via electrostatic interactions within their
transmembrane domains. Stimulation of TREMs results in
phosphorylation of critical tyrosine residues in the ITAM motif
of DAP12, thereby regulating different intracellular signaling
pathways in monocytes and monocyte-derived cells (1, 2, 3, 8)
(Fig. 1).

Mutations in TREM2 or DAP12 are associated with polycys-
tic lipomembranous osteodysplasia with sclerosing leukoen-
cephalopathy, also called Nasu-Hakola disease (NHD), which is
characterized by bone abnormalities and dementia (6, 9, 10).
Recent genetic studies also indicate an association of TREM2
variants with Alzheimer disease (AD) and other neurodegen-
erative disorders (6, 11). Disease-associated variants of TREM1
have not been identified so far. Thus, TREM2 might represent a
common modulator in the pathogenesis of different neurode-
generative diseases. These findings also support a functional
involvement of neuroinflammatory processes in the pathways
to neurodegeneration.

Neuroinflammation is a common feature of neurodegenera-
tive diseases and characterized by micro- and astrogliosis and
increased levels of proinflammatory cytokines (12, 13). The
inflammatory process is likely promoted by the accumulation
of protein aggregates and cell damage. Microglia resemble res-
ident macrophages in the brain and express several cell surface
receptors that recognize danger or pathogen-associated molec-
ular patterns (14 –16). Their activation results in several cellu-
lar responses, including the synthesis and secretion of cyto-
kines, migration, and phagocytosis. However, persistent
activation of microglia and chronic neuroinflammation could
also exert detrimental effects to brain function and might pro-
mote neurodegeneration (14, 17, 18).

Under physiological conditions, microglia constantly scan
their environment and interact with other cell types, such as
neurons and astrocytes, and with the extracellular matrix and
blood vessels. They contribute to brain homeostasis and synap-
tic plasticity and mediate repair processes during brain injury
(17, 18, 19).

Expression, Metabolism, and Signaling of TREMs

The first gene of the TREM family, TREM1, was identified in
natural killer cells and shown to be also expressed in different
monocytes and monocyte-derived macrophages (20). The ho-
mologous TREM2 was initially cloned from dendritic cells (21).
Although certain macrophages and neutrophils express both
TREM homologs, dendritic cells, osteoclasts, and microglia
show predominant expression of TREM2 (1, 4).

Both receptors require engagement of the co-receptor
DAP12 for transmembrane signaling. DAP12 is also a type I
membrane protein. In contrast to TREMs, DAP12 has no glob-
ular ectodomain and might not be involved in binding of
ligands (Fig. 1). The extracellular sequence of about 20 amino
acids contains cysteine residues that mediate homodimer for-
mation by disulfide bridges. The interaction of TREMs with
DAP12 is mediated by a salt bridge linkage of an arginine and
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aspartic acid residue within the respective transmembrane
domains (22) (Fig. 1).

Cell biological studies revealed that TREM2 is transported in
the secretory pathway and shuttles between the plasma mem-
brane and cytoplasmic vesicles (23, 24). It is unclear whether
DAP12 already associates with TREMs in early secretory com-
partments or whether interaction is induced by ligand binding
and clustering of TREMs at the cell surface.

During biosynthesis and secretory transport, TREM2 also
undergoes maturation by complex glycosylation (24, 25, 26),
but the biological relevance of these modifications remains to
be determined. TREM2 is also subjected to sequential proteo-
lytic processing by ectodomain shedding and intramembra-
nous cleavage (24, 25, 26) (Fig. 2). The ectodomain shedding
results in the release of the soluble TREM2 from cells into
extracellular fluids and involves proteases of the a disintegrin
and metalloprotease (ADAM) family. Soluble TREM2 has also
been detected in cerebrospinal fluid (CSF) and blood plasma of
humans (26, 27), and levels in CSF were significantly reduced in
samples of AD and FTD patients, suggesting altered proteolytic
processing during neurodegeneration (26). In CSF and plasma
of a patient with FTD-like symptoms carrying a homozygous
TREM T66M mutation, soluble TREM2 was not detected, sug-
gesting that this mutation decreases shedding of TREM2 (26).
Whether the recently identified AD-associated R47H variant of
TREM2 also affects protein levels in CSF and plasma remains to
be determined.

Soluble TREM2 variants have also been found to be
altered in multiple sclerosis. However, in contrast to the
decreased levels found in CSF of AD and FTD patients, sol-
uble TREM2 was increased in CSF of multiple sclerosis cases
and other inflammatory neurological diseases, but was
unchanged in non-inflammatory neurological diseases (27).
Thus, it will be interesting to further explore the detection of
soluble TREM2 in biological fluids as a biomarker for differ-
ent neurological diseases.

Whether the soluble variants of TREM2 in biological fluids
exclusively derive from proteolytic processing of the full-length

FIGURE 1. TREM2-DAP12 dependent intracellular signaling pathways. TREM2 associates with DAP12 via electrostatic interaction within the transmem-
brane domains. Ligand binding to TREM2 results in phosphorylation of tyrosine residues within an ITAM motif of the DAP12 cytoplasmic domain, as well as
recruitment of several signaling proteins, including Syk, Dok3, Sos1, and Grb2. The related signaling pathways regulate Ca2� mobilization, cell cytoskeletal
remodeling, and gene transcription. The regulation of TREM2-DAP12 via PI3K and RAS allows cross-talk with and modulation of TLR signaling pathways. See
text for details. P, phosphorylation; PLC, phospholipase C; IP3, inositol 1,4,5-trisphosphate; DAG, diacylglycerol; LEF, lymphoid enhancer-binding factor; MEF,
myocyte enhancer factor; MKK, mitogen-activated protein kinase kinase.

FIGURE 2. Sequential proteolytic processing of TREM2. The full-length
TREM2 receptor (TREM2-FL) can be cleaved by a shedding protease of the
ADAM family (sheddase), resulting in the secretion of a soluble ectodomain
(sTREM2) and generation of a membrane-bound C-terminal fragment (TREM2-
CTF). This C-terminal fragment represents a substrate for �-secretase-depen-
dent intramembrane proteolysis. The putative cleavage products resulting
from �-secretase-dependent cleavage are indicated as T2� (TREM2-A �-like
peptides) and T2ICD (TREM2 intracellular domain). Potential implications of
the proteolytic processing for TREM2 function are discussed in the text.
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receptor is unclear. For both TREM1 and TREM2, alternative
mRNA transcripts have been identified that could also result in
the synthesis and secretion of truncated variants (28, 29).

It has been shown that soluble TREM1 competes with cell
surface-bound TREM1 for ligands and thereby affects ligand-
induced signaling (30, 31, 27). In addition, soluble TREM1
might also exert paracrine and autocrine effects upon binding
to cell surface molecules. However, a functional role of soluble
TREM2 in extracellular fluids remains to be determined.

The C-terminal fragment (CTF) of TREM2 that results from
ectodomain shedding remains membrane-tethered via its
transmembrane domain and could be subjected to intramem-
branous proteolysis by the �-secretase complex that is also
involved in the generation of the AD-associated amyloid-�
(A�) peptide (24 –26, 32) (Fig. 2). Interestingly, inhibition of
�-secretase also impaired the phosphorylation of DAP12 and
downstream metabolism of phosphatidylinositides (24), cellu-
lar rearrangement, and phagocytosis (33), suggesting that
TREM2-DAP12-mediated signaling is affected by �-secretase
activity. Overexpression of the TREM2 CTF in microglial BV2
cells also decreased LPS-induced pro-inflammatory cytokine
production (32), further supporting a role of the TREM2 CTF
and its processing by �-secretase in signaling.

Although both TREM1 and TREM2 signal via DAP12, their
stimulation has different effects on LPS-induced signaling.
While TREM1 activation promotes pro-inflammatory signal-
ing and cytokine production in response to LPS, TREM2 acti-
vation instead suppresses these LPS-induced effects (7). In
addition to TREMs, more than 20 different surface receptors
associate with DAP12 to regulate several intracellular signaling
pathways. In general, receptor ligation results in Src kinase-de-
pendent phosphorylation of DAP12 at critical tyrosine residues
and the recruitment of spleen tyrosine kinases (Syk) and the
tyrosine kinase �-chain-associated protein 70 (ZAP70) (1, 4).
Whether both kinases are also involved in the phosphorylation
of DAP12 is unclear. Syk and ZAP70 can activate additional
signaling proteins including PI3K, guanine nucleotide ex-
change factors (GEF), and phosphotyrosine kinase 2 (Pyk2),
and can also regulate membrane-proximal signaling of other
cell surface receptors, including TLR4, IFN�R1/2, and Plexin-
A1. The complex regulation and interplay of multiple pathways
allow fine-tuned responses of immune cells, including cytokine
production and release, migration, phagocytosis, proliferation
and differentiation, and cell survival (Fig. 1). Signaling via
DAP12 has been described in detail in several recent reviews (2,
7, 34, 35). It is important to note that most studies on the sig-
naling of TREMs and DAP12 have been performed with periph-
eral monocytes or monocyte-derived cells.

Functional studies with microglia from mouse brain revealed
that TREM2 also signals via DAP12 and regulates several path-
ways (4). Because a specific ligand for TREM2 is unknown,
Takahashi et al. (36) used overexpression of tagged variants of
TREM2 in primary microglia that could be activated by cross-
linking with antibodies against the epitope tag. Activation of
TREM2 resulted in increased phosphorylation of DAP12.
Cross-linking of TREM2 also increased phagocytosis of dam-
aged neurons by primary mouse microglia (36). In addition,
activation of TREM2 resulted in remodeling of the actin cyto-

skeleton and promoted migratory activity toward chemokines
accompanied with increased phosphorylation of ERK. Knock-
down of endogenous TREM2 in primary microglia decreased
phagocytic activity and increased transcription of pro-inflam-
matory cytokines and nitric oxide synthase-2 (36). These find-
ings were consistent with previous observations obtained with
macrophages from TREM2 knock-out mice that also suggested
an anti-inflammatory role of this receptor (31, 38). TREM2 KO
cells had an elevated cytokine response to TLR stimulation by
LPS (38). In addition, primary microglia of TREM2 KO cells
show decreased proliferation in culture and elevated cell death
(39).

Homozygous and Compound Mutations of TREM2 or
DAP12 in Nasu-Hakola Disease and Frontotemporal
Dementia

Interestingly, mutations in DAP12 and TREM2 are associ-
ated with autosomal recessively inherited NHD, also called
polycystic lipomembranous osteodysplasia with sclerosing leu-
koencephalopathy or membranous lipodystrophy. This rare
disease is characterized by impaired bone metabolism leading
to cysts and fractures, and by progressive dementia with early
onset between 15 and 30 years of age (6, 9). In most cases,
osseous lesions occur before neurological symptoms. Early in
the neurological stage, patients develop changes in their per-
sonality followed by memory deficits. The neurological symp-
toms closely resemble those of frontotemporal dementias
(FTDs), neurodegenerative disorders that are much more com-
mon in patients below the age of 65 years and that are charac-
terized by inappropriate behavior and changes in personality
and language impairment (6, 40). Brains of FTD cases show
atrophy of frontal and temporal lobes and degeneration of spin-
dle neurons. Based on different inclusions of aggregated pro-
teins, FTD is neuropathologically subdivided into three groups
depending on the occurrence of tau, �-synuclein, and TAR
DNA-binding protein 43 (TDP43) or fused in sarcoma (FUS)
proteins in neurons and glial cells (42, 43). Mutations in some of
these proteins cause familial dominantly inherited forms of
FTD (44, 45). Disease onset of FTD is typically between the ages
of 50 and 65. Interestingly, rare homozygous or compound
mutations in TREM2 have been identified in cases with FTD-
like symptomatic presentation in the absence of associated
lesions in the bone system, therefore differing in the clinical
symptoms from NHD (40, 45, 47– 49) (Table 1). Another rare
variant of TREM2 with an R47H substitution has recently also
been associated with an increased risk for late-onset AD (50,
51).

Molecular Genetics of Alzheimer Disease

AD is the most common form of dementia and is character-
ized at the neuropathological level by the accumulation of
extracellular plaques and intraneuronal neurofibrillary tangles
that are composed of A� peptides and the microtubule-associ-
ated protein tau, respectively (52–54). A� derives from the
amyloid precursor protein (APP) by sequential proteolytic pro-
cessing by �- and �-secretase (55, 56). In an alternative pro-
cessing pathway, APP can be cleaved by �-secretase within the
A� domain, which precludes the subsequent generation of A�.
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�-Secretase activity is exerted by members of the ADAM family
(57). As described above, ADAM proteases and �-secretase are
also involved in the proteolytic processing of TREM2.

In the vast majority of cases (�95%), AD manifests beyond
the age of 65 years. However, rare familial cases with an age of
onset below 65 years also occur. Genetic analyses of familial
early-onset AD cases led to the identification of autosomal
dominant mutations in three different genes (11, 58, 59). The
first gene identified to bear AD-associated mutations was the
APP gene itself. The different mutations within APP are local-
ized within or close to the A� domain and promote the gener-
ation or aggregation of the peptide. Interestingly, a mutation
within the A� domain of APP has also been shown be associ-
ated with a decreased risk for AD (60). In contrast to the dis-
ease-causing mutations of APP, the preventive variant
decreased the proteolytic generation of A� and its propensity to
aggregate (61, 62). Besides the APP gene, only two additional
genes have been identified to contain mutations that also cause
dominantly inherited early-onset familial AD. The two genes
encode homologous proteins called presenilin (PS)-1 and PS-2
(63, 64). PS proteins are the catalytic components of the
�-secretase complex and thus, are critically involved in the pro-
teolytic generation of A� (65, 66). Mutations in the PS proteins
commonly favor the accumulation of A�42 variants that have
increased propensity to aggregate. Thus, the genetics of familial
early-onset AD provide strong support for a critical role of A�
peptides in the pathogenesis of AD. However, mutations in
APP and PS genes are very rare and only represent 1–3% of all
AD cases.

By far the most common risk factor for late-onset AD is the
�4 allele of the apoE gene (67– 69). The apolipoprotein (apo) E4
variant is one of three major isoforms occurring in humans that
only differ in two amino acids at position 112 and 158, which
could either be Cys or Arg residues (Cys115–Cys158 for apoE2,
Cys115–Arg158 for apoE3, and Arg115–Arg158 for apoE4) (68 –
70). Since its initial discovery in 1993 as a risk factor for late-
onset AD, apoE4 has been confirmed in numerous follow-up
studies (59, 71, 72). However, the functional role of apoE in the
pathogenesis of AD is still enigmatic. ApoE can interact with
and affect the aggregation and clearance of A� in an isoform-

and lipidation-state dependent manner (73, 74). Several recep-
tors of the low density lipoprotein receptor (LDLR) family have
been shown to bind apoE, A�, and APP, and thereby could
affect both generation and degradation of A� (67, 75, 76). Inter-
estingly, genome-wide association studies of common single
nucleotide polymorphisms have identified additional genes
related to lipid and lipoprotein metabolism associated with an
increased risk of AD. These include the bridging integrator 1
(BIN1), clusterin (CLU), ATP-binding cassette A7 (ABCA7),
phosphatidylinositol-binding clathrin assembly protein
(PICALM), and CD2-associated protein (CD2AP) (11, 77, 78).
However, the functional roles of the respective proteins in the
pathogenesis of AD remain to be characterized in more detail.
It is important to note that the odds ratios of the additional
factors, that is, their effect on risk for developing AD, is much
lower than that of apoE. Although the apoE4 allele increases the
risk between 3- and 10-fold, the individual effects of the other
factors range between 0.15- and 0.2-fold. Another set of genes
with similarly low odds ratios could be related to vesicular traf-
ficking and inflammatory pathways, including the complement
receptor 1 (CR1), cluster of differentiation 33 (CD33), mem-
brane-spanning 4-domains, and subfamily A, member 6A and
6E (MS4A6A, MS4A6E) (11, 77, 78).

Potential Role of TREM2 in the Pathogenesis of AD

The TREM2 R47H variant showed a significant association
with late-onset AD with odds ratios between 2 and 4, suggesting
that it increases the risk for AD (50, 51). It is currently under
debate whether the TREM2 R47H or other variants in the
heterozygous state are also associated with other neurodegen-
erative diseases such as frontotemporal lobar degeneration,
amyotrophic lateral sclerosis, and Parkinson disease. A meta-
analysis across these diseases indicates that the R47H variant of
TREM2 is specifically associated with AD and probably with
frontotemporal lobar degeneration, but not with the other
tested disorders (79). However, additional missense mutations
could also contribute to the risk for these neurodegenerative
diseases.

It is important to note that the TREM2 R47H is rare with
allele frequencies below 1% (50, 51). Thus, even if the effect size

TABLE 1
Disease-associated mutations in TREM2

Mutation/polymorphism Effect Disease Genotype References

c.40G3T E14X, truncated, nonfunctional protein NHD Homozygous 91
c.40 � 3delAGG Altered splicing, decreased protein FTD-L Homozygous 92
c.97C3T Q33X, truncated, nonfunctional protein (also FTD-

like syndrome)
NHD, FTD-L Homozygous 41, 93

c.113A3G Y38C NHD, FTD-L Homozygous, homozygous
compound heterozygous

40, 41, 93

c.132G3A W44X, truncated, nonfunctional protein NHD Homozygous 91
c.140G3A R47H AD risk Heterozygous 50, 51
c.185G3A R62H AD risk Heterozygous 46
c.197C3T T66M NHD, FTD-L Homozygous 41, 93
c.233G3A W78X, truncated, nonfunctional protein NHD Homozygous 91
c.257A3T D86V FTD-L Compound heterozygous 40
c.267delG Frame-shift, nonfunctional protein NHD Homozygous 91
c.313delG Frame-shift, nonfunctional protein NHD Homozygous 91
c.377T3G V126G NHD Homozygous 93
c.401A3G D134G NHD Homozygous 93
c.482 � 2T3C Impaired splicing, decreased/nonfunctional protein NHD Homozygous 93
c.558G3A K186N, no interaction with DAP12 NHD Homozygous 91
c.594G3A W198X FTD-L Homozygous 37
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on individual AD risk for carriers of the TREM2 R47H variant is
comparable with that of apoE4, the overall effect on AD preva-
lence in the general population is much smaller (80). However,
understanding the physiological and pathophysiological func-
tions of TREM2 in AD is important to further explore its poten-
tial as a target for therapy, prevention, and diagnosis.

Even before the identification of AD-associated mutations of
TREM2, it has been shown that microglia surrounding extra-
cellular plaques in APP transgenic mouse models have
increased expression of TREM2 protein (81). Up-regulation of
TREM2 mRNA in brain samples of APP transgenic mice was
observed upon active vaccination with A� (82), and immuno-
histochemical analysis of human brains with TREM2 antibod-
ies also showed reactivity in microglia and neurons in different
brain regions (51). In addition, the co-receptor DAP12 was
identified in an integrative network analysis as an important
factor in the pathogenesis of late-onset AD (83).

The functional role of TREM2, and of microglia in general, in
AD pathogenesis is currently under debate (12–18). Effects of
TREM2 on A� deposition have been assessed by crossing
heterozygous or homozygous TREM2 KO mice with APP
transgenic mouse models of AD. The deletion of one TREM2
allele did not significantly affect A� plaque load up to the age of
seven months (84). However, the number and size of microglia
in the vicinity of A� deposits were reduced in heterozygous
TREM2 KO mice (84). Crossing of homozygous TREM2 KO
mice with APP transgenic models resulted in controversial
results on A� plaque load in two independent studies. Although
Jay et al. (85) showed decreased A� deposition, Wang. et al. (86)
found increased A� load in TREM2 KO mice as compared with
TREM2 WT mice. The latter study also showed significantly
increased levels of insoluble A� in heterozygous TREM2 KO
mice at higher ages. It will be important to assess whether these
discrepancies might result from the usage of different TREM2
KO and APP transgenic mouse models, different analytical
methods, or other factors. Both studies, however, revealed
increased expression of TREM2 in plaque-associated myeloid
cells. Whether these TREM2-positive cells represented resi-
dent microglia or were derived from infiltrated peripheral
monocytes is currently under debate (85, 86). As observed
already in heterozygous TREM2 KO mice (84), homozygous
TREM2 KO led to a decreased number of monocyte-derived
cells in the vicinity of extracellular plaques. These observations
are consistent with a role of TREM2 in the regulation of cell
migration, proliferation, and survival (85, 86).

How Could Mutations in TREM2 Contribute to the Risk of
AD?

The TREM2 mutations found in NHD patients are deletion,
nonsense, or frameshift mutations that result in the complete
lack of protein or synthesis of truncated variants (6) (Table 1).
Interestingly, missense mutations that decrease the interaction
with DAP12 have also been identified. Mutations of DAP12 in
NHD also result in the generation of non-functional protein or
no protein, indicating that the disease is caused by complete
loss of function in TREM2-DAP12 signaling (9, 10). Mutations
in other downstream signaling components or other receptors
that associate with DAP12 have not been identified. The

homozygous or compound FTD- and NHD-associated muta-
tions Y38C and T66M strongly impair the transport of TREM2
from the ER to the Golgi, and thus, its glycosylation and expres-
sion at the cell surface, also supporting a loss-of-function mech-
anism (25, 26). These mutations also showed decreased solubil-
ity, accumulation in the ER, and induced ER stress (25). Thus,
TREM2 mutations might not only impair receptor signaling
activity, but also cause cellular stress and thereby affect cell
function and viability.

When compared with the NHD- and FTD-associated mis-
sense mutations, the AD-associated TREM2 R47H variant has
weaker effects on its transport to the cell surface, as well as its
secretion into conditioned media (26). The localization of the
AD-associated R47H in the ectodomain of TERM2 could also
suggest it affects the interaction with ligands. Interestingly, the
R47H variant showed reduced binding to anionic and zwitteri-
onic lipids in vitro (86). Thus, the AD-associated TREM2 R47H
mutation might interfere with the interaction of microglia with
membranes of damaged neurons and subsequent clearance by
phagocytosis. Indeed, the TREM2 R47H variant reduced the
phagocytic activity of different cell types in vitro (26, 86).
Whether the R47H variant could also affect functions of micro-
glia or peripheral cells in vivo is currently unknown.

The decreased phagocytic activity could contribute to neu-
rodegeneration by impairing the clearance of damaged neurons
and aggregated proteins, which could promote chronic pro-
inflammatory reactions in the brain. Interestingly, apoE has
been identified as a ligand for TREM2 in vitro (87, 88), suggest-
ing that apoE might also regulate TREM2-DAP12-mediated
signaling in microglia. Although the different apoE isoforms E2,
E3, and E4 showed very similar binding to TREM2, the TREM2
R47H mutation strongly decreased this interaction, suggesting
that the effects of apoE4 on AD risk might not involve differen-
tial binding to TREM2. It will now be important to investigate
the functional role of the apoE-TREM2 interaction in the reg-
ulation of microglia during neurodegeneration.

TREM2 has also been linked to the hyperphosphorylation
and accumulation of tau. Silencing of TREM2 by lentivirus-
mediated knockdown exacerbated tau hyperphosphorylation
and tau pathology, neurodegeneration, and learning deficits in
a mouse model of tauopathy (89). Because these mice did not
overexpress APP or develop amyloid plaques, the observed
effects upon silencing of TREM2 are likely independent of A�.
Together, these studies indicate that loss of TREM2 could trig-
ger tau and A� pathology independently. It is interesting to
note that senile plaques and neurofibrillary tangles have been
observed in a brain autopsy of a 48-year-old patient clinically
diagnosed with NHD and a homozygous mutation in TREM2
(90, 91), suggesting that impaired TREM2 signaling might be
sufficient to induce the two major neuropathological hallmarks
of AD. However, the relative occurrence of AD characteristic
neuropathology in NHD cases remains to be determined. NHD
is also associated with leukodystrophy, which is not character-
istic for AD or FTD. Thus, it will be interesting to further dissect
the molecular mechanisms that contribute to the different
pathologies associated with TREM2 mutations.
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Conclusions

The association of TREM2 mutations with different diseases,
including NHD, FTD, and AD, strongly indicates an important
role of this immune receptor and innate immunity during neu-
rodegeneration. However, the molecular mechanisms underly-
ing the pathogenic processes in these diseases remain largely
unclear. Even complete loss of TREM2 in NHD allows develop-
ment into adulthood with manifestation of clinical symptoms
of dementia in the second or third decade of life. The mutations
associated with FTD also cause early clinical symptoms at ages
between 30 and 50 years. These mutations either result in pre-
mature stop of protein synthesis or strongly impair the trans-
port and expression of TREM2 at the cell surface, also indicat-
ing a loss-of-function mechanism. The asymptomatic phase of
20 –50 years even upon complete loss of function of TREM2
could suggest that TREM2 is dispensable during development,
but exerts important functions in the regulation of brain home-
ostasis during aging, infection, trauma, or other detrimental
processes in the brain.

Although the functional implication of the TREM2 R47H
mutation in the pathogenesis of AD remains to be determined,
the binding of apoE and the proteolytic processing by �-secre-
tase already links TREM2 to two major AD-related proteins.
Thus, it will be interesting to further assess the functional con-
nection of these proteins. However, because loss of TREM2 can
cause neurodegeneration in other dementias, the effects on AD
pathogenesis could also be independent on direct interaction
with known AD-associated factors. In any case, TREM2 and
DAP12 represent interesting targets to modulate an important
signaling pathway commonly involved in neurodegeneration.
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In this thematic minireview series, the JBC presents six excit-
ing articles on low complexity or intrinsically disordered pro-
teins (IDPs). The dynamical and fluctuating structures of IDPs
or of disordered regions within proteins result in virtually all
of their primary sequence being exposed, at least at some time,
to potential interacting partners. Their structural versatility
underlies their often wide functional repertoires, which is fur-
ther expanded by post-translational modifications. Given these
characteristics, it is not surprising that IDPs serve as important
hubs in signaling networks, scaffolding multivalent interac-
tions. They are also important for organizing membrane-less
protein organelles. This collection of reviews discusses biophys-
ical approaches for studying IDPs and illuminates their impor-
tance to critical functions such as cell cycle control, transcrip-
tion, and translation, as well as their regulation via cellular input
signals.

How are IDPs2 or protein regions scripted in primary
sequence space? In the first article in this series, Uversky notes
that the sequence space of IDPs is typified by a low content of
hydrophobic amino acid residues and high content of uncom-
pensated charges (1). Missing an innate folding code, IDPs rely
on binding partners to confer structural order, which, depend-
ing on the ligand, can lead to differently folded structures. Post-
translational modifications (PTMs) represent yet another strat-
egy for modulating IDPs. Moreover, functionally significant
structural transitions can involve differently disordered forms.
Hence, the potential multiplicity of form and function in IDPs
defies the conventional one structure-one function notion. In
fact, many hub proteins that link protein-protein interaction
networks and integrate signals are IDPs exemplifying the
importance of dynamic structural remodeling for supporting a
range of functions. The review ends with provocative ideas
about the evolution of IDPs, which are more prevalent in com-

plex organisms and are often encoded by regions of mRNA
affected by alternative splicing.

The utility of kinetic approaches for illuminating the mech-
anism of coupled folding and binding of IDPs is the subject of
the second article in the series by Clarke and co-workers (2).
Charged residues are overrepresented in IDPs, which can be
exacerbated by their propensity for PTMs such as phosphory-
lation. Hence, electrostatic steering is considered to be impor-
tant for enhancing coupled folding and binding of IDPs. Kinetic
studies are also important for addressing the chicken and egg
question of whether binding (in which folding is induced upon
binding) or folding (in which only a select conformer from the
ensemble can bind) comes first. Finally, the authors discuss how
the combination of mutagenesis and kinetic studies can allow
the molecular interactions in the transition state between IDPs
and their partners to be mapped.

In the third article in the series, Bah and Forman-Kay discuss
modulation of IDP function by PTMs (3). The structural and
therefore functional versatility of IDPs is further expanded by
PTMs, which can occur singly or in combination, and can trig-
ger marked state changes, e.g. between disordered and folded or
between dispersed monomeric and phase-separated. The
authors illustrate the functional consequences of PTMs on
IDPs by using several examples including multisite phosphory-
lation of the transcription factor, Ets-1, and the translation ini-
tiation factor, 4E-BP2. Exciting new insights into the organiza-
tion of membrane-less protein organelles are discussed where
intrinsically disordered regions play an important role in scaf-
folding multivalent interactions. Here too, PTMs are impor-
tant, e.g. by affecting the phase transition temperature and
thereby regulating assembly/disassembly of protein organelles
in response to signal inputs. Finally, the authors discuss some
solutions to the bottlenecks for producing large quantities of
homogenous and site-specifically modified IDPs for biophysi-
cal studies.

In the next article, Stultz and co-workers introduce the con-
cept of quantifiable metrics of disorder to describe protein
structure within the order-disorder continuum (4). For ordered
proteins, the average structure is representative of the structure
of all thermally accessible sub-states within the conformational
ensemble. For IDPs, the conformational ensemble is vast and
heterogeneous and the structure of a single sub-state is not
representative of the entire population. Specific examples are
introduced to illustrate the functional importance of proteins
that lie at the unstructured end of the order-disorder contin-
uum. Take the bacterial toxin colicin E9, for example, which is
deployed by some Escherichia coli to reduce competition from
other bacteria. A disordered segment within colicin is critical
for allowing it to fish for and recruit the translocation machin-
ery needed for its passage through the bacterial membrane,
following which it promotes cell death. Other examples that are
discussed reveal the importance of disordered domains for reg-
ulating fundamentally important cellular processes such as
translation and transcription.
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The transcriptional co-activators, CREB-binding protein
(CBP) and p300, richly exemplify the power of disorder-order
transitions for expressing functional complexity, as discussed
by Dyson and Wright in the next review (5). CBP and p300
interact with �400 partner proteins and represent important
fulcra in eukaryotic transcriptional networks. These megalithic
proteins contain �1400 intrinsically disordered residues inter-
spersed between seven folded domains. Subsets of the folded
domains interact with intrinsically disordered domains of cel-
lular transcription factors, regulatory proteins, and viral onco-
proteins in a combinatorial fashion leading to the regulation of
a vast array of target genes. The review provides structural
insights into promiscuity, which underlies the interaction be-
tween the folded domains of CBP/p300 and intrinsically disor-
dered regions in target proteins and facilitates cross-talk be-
tween signaling pathways.

The importance of protein disorder for selecting substrates
for ubiquitination and targeting them to the proteasome is the
subject of the next article by Tompa and co-workers (6). PTMs
in disordered regions of E3 ligases are critical for steering their
subcellular localization and for regulating their activity. For
example, the E3 ligase BRCA1 has an �1500-residue-long dis-
ordered region that functions as a scaffold for bringing together
interacting partners. It is estimated that �80% of degrons or
primary sequence motifs on protein targets that are recognized

by E3 ligases are present in disordered regions. Synergistic
folding has been seen in some cases where a disordered seg-
ment in an E3 ligase binds an unstructured region in a target
protein. Degrons themselves are targets of PTMs, which reg-
ulate their recognition by E3 ligases. Finally, long disordered
regions in the vicinity of degrons are important for protea-
some-dependent degradation.
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Biologically active but floppy proteins represent a new reality
of modern protein science. These intrinsically disordered pro-
teins (IDPs) and hybrid proteins containing ordered and intrin-
sically disordered protein regions (IDPRs) constitute a noticea-
ble part of any given proteome. Functionally, they complement
ordered proteins, and their conformational flexibility and struc-
tural plasticity allow them to perform impossible tricks and be
engaged in biological activities that are inaccessible to well
folded proteins with their unique structures. The major goals of
this minireview are to show that, despite their simplified amino
acid sequences, IDPs/IDPRs are complex entities often resem-
bling chaotic systems, are structurally and functionally heter-
ogeneous, and can be considered an important part of the
structure-function continuum. Furthermore, IDPs/IDPRs
are everywhere, and are ubiquitously engaged in various inter-
actions characterized by a wide spectrum of binding scenarios
and an even wider spectrum of structural and functional
outputs.

Brief Introduction: Why Those Proteins Are Clouds and
Why Those Clouds Are Dancing

“Dancing protein clouds” is a joke from a time when the
newly born field of protein intrinsic disorder was trying to find
an appropriate term to describe biologically active proteins
without unique structures. The need for a specific term was
determined by the clear recognition that those structureless
functional proteins were fundamentally different from the
“normal” globular proteins that used information encoded in
their amino acid sequences to fold into specific, aperiodic crys-
tal-like structures needed for specific biological functions. Fig. 1

reflects these attempts by representing different terms used in
literature to describe such “strange” or “abnormal” proteins and
shows that the “dancing protein clouds” expression is formed
by superimposing “dancing proteins” and “protein clouds”
descriptors. Although the phrase “dancing protein clouds”
sounds like a parody, the term actually has deep meanings. The
presence of a unique structure in a given protein means that
when one would look at the sample containing this protein, s/he
would find that all protein molecules are alike, that the struc-
ture of an individual molecule barely changes over time, and
that the ensemble-averaged (or time-averaged) structure is
identical, or at least very similar, to the structures of all individ-
ual protein molecules in that sample. In other words, if one
would overlay all those individual structures, a crisp and clear
image would be generated, similar to those found in the Protein
Data Bank (PDB), and this ensemble-averaged structure would
not change much over time. On the other hand, the lack of a
unique structure in a given protein would create a highly
dynamic ensemble, members of which would possess very dif-
ferent structures at any given moment, and the structure of any
given molecule would change dramatically over time (therefore
the “dancing protein” analogy). If one would try to overlay all
those structures, all those dancing protein molecules, a cloud-
like, fuzzy entity would be generated, and the shape of this
cloud would not be static, dramatically changing with time and
in response to subtle environmental perturbations. Therefore,
the dancing protein cloud analogy describes the structure and
functionality of an intrinsically disordered protein (IDP)2 or an
intrinsically disordered protein region (IDPR), which are both
known to be strongly dependent on environmental conditions
and can change dramatically due to subtle disturbances. To
some extent, an IDP resembles a ball in unstable equilibrium at
the top of a hill, which has limitless possibility for movement
and would make very different trajectories, depending on how
it is disturbed and pushed away from the top of the hill. There-
fore, this dancing protein cloud is a chaotic entity that repre-
sents an illustration of a dynamical system with high sensitivity
to initial conditions, and thereby can be considered as a subject
of chaos theory. Fig. 2 provides further illustration of the
remarkable similarity between the dynamic conformational
behavior of an IDP (neuroligin cytoplasmic domain (1)) and the
behavior of a simple chaotic system known as the Lorenz attrac-
tor (2– 4), which serves as a classic example of a non-linear
dynamic system that was developed as a simplified mathemat-
ical model to describe atmospheric convection by considering
two-dimensional flow of a fluid subject to differences in tem-
perature and gravity (2, 3). Fig. 2 shows that similar to the
Lorenz attractor, an IDP neither converges to a steady state nor
diverges to infinity, but stays in a limited but chaotically defined
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Because the IDP structure-function universe is vast and is a
subject of multiple recent reviews, this minireview describes
only a few subjectively chosen aspects of disorder. In my view,
the chosen topics represent some of the hot spots of the modern
disorder-related research.

Complexity from Simplicity: Peculiarities of Amino Acid
Sequences of IDPS/IDPRS

To fold or not to fold? For a protein, the answer to this almost
Hamletian question is scripted in its amino acid sequence
(5–10). Early analysis of extended IDPs, which are (almost com-
pletely) unfolded at physiologic conditions, revealed that these
proteins do not have stable structures due to the presence of
numerous uncompensated charged groups and a low content of
hydrophobic amino acid residues. This indicates that the com-
bination of low mean hydropathy and relatively high net charge
represents an important prerequisite for the absence of com-
pact structure in proteins under physiological conditions (10).
At a more detailed level, IDPs/IDPRs are significantly depleted
in order-promoting residues (Cys, Trp, Tyr, Phe Ile, Leu, Val,
and Asn), and are instead enriched in disorder-promoting res-
idues (Pro, Arg, Gly, Gln, Ser, Glu, Lys, and Ala) (6, 9, 11–13). In
other words, amino acid sequences of IDPs and IDPRs are sim-
pler than those of ordered proteins and domains and have
smaller information volume. However, this sequence simplicity
is translated into a vastly extended sequence space and related
structural complexity. In fact, due to the removal of restrictions
posed by the need to gain ordered structure spontaneously, the
sequence space of IDPs/IDPRs is noticeably greater than that of
foldable ordered proteins and domains (14). Furthermore,
although many IDPs/IDPRs can (at least partially) fold upon
binding to their partners, their folding code, i.e. the ability to
spontaneously gain a unique biologically active structure, is
noticeably reduced. Although a portion of such folding code is
missing for IDPs, it can be supplemented by their binding part-
ner(s) (14). Curiously, because different binding partners could
provide drastically different complementary parts of a folding
code, an IDP/IDPR can fold differently at binding to different
partners (15, 16). Based on these considerations, it has been
hypothesized that IDPs/IDPRs should be considered as “edge of
chaos” systems that operate in the boundary between order and
complete randomness or chaos, i.e. in the region where the
complexity is maximal (14).

Structure-Function Continuum of Proteins: Structural
Heterogeneity and Functional Multifariousness of IDPS

IDPs and IDPRs are heterogeneous and fractal at multiple
levels. Globally, they can be compact or extended, and their
major structural components can be heterogeneous as well, and
IDPs/IDPRs can be described as different combinations of
foldons (independent foldable units of a protein), inducible
foldons (disordered regions that can fold at least in part due to
the interaction with binding partners), non-foldons (non-fold-
able protein regions), semi-foldons (regions that are always in a
semi-folded state), and unfoldons (regions that undergo an
order-to-disorder transition to become functional) (14). This
structural heterogeneity defines the multifariousness of disor-
der-based functions and suggests that, instead of being based
on the one protein – one structure – one function concept that
describes the functionality of ordered proteins and domains,
there is a structure-function continuum (14), where for a given
protein biological functions may arise from a specific disor-
dered form, from inter-conversion between disordered forms,
and from disorder-to-order or order-to-disorder transitions
(6). As a result, IDPs/IDPRs can do a lot (9, 17–19), and this “a
lot” complements the functions traditionally ascribed to
ordered proteins (6, 9, 18).

Useful Decorations: Endless Increase in Functionality
with Posttranslational Modifications

The functions of many proteins, especially those lacking
unique structures, are modulated, controlled, and extended by
various posttranslational modifications (PTMs) that range
from enzymatic cleavage of peptide bonds to covalent additions
of particular chemical groups, lipids, carbohydrates, or even
entire proteins to amino acid side chains. Although DNA typi-
cally encodes 20 primary amino acids, proteins contain more
than 140 different residues because of various PTMs that can
occur at any stage of the protein life (but always after protein
biosynthesis), which extends the range of amino acid structures
and properties, thereby diversifying the possible structures and
functions of proteins (20). It is believed that as many as 300
PTMs can occur physiologically (21). Some PTMs are readily
reversible, with the tightly controlled interplay between modi-
fying and demodifying enzymes being used for rapid and eco-
nomical control of their functions (22). Therefore, it is not sur-
prising that as much as 5% of the genomes of higher eukaryotes
is expected to encode PTM-related enzymes (21). Among the
most common PTMs are: specific cleavage of precursor pro-
teins; formation of disulfide bonds; covalent addition/removal
of low molecular weight groups; and covalent attachment of
large biological molecules, as seen in ubiquitination and
SUMOylation (23). Furthermore, some proteins require multi-
ple different PTMs for their function. For such multi-PTM pro-
teins, modified sites in proteins can not only mediate individual
functions, but can also function together to fine-tune molecular
interactions and to modulate overall protein activity and stabil-
ity (24).

Although all amino acids can be subjected to PTMs, PTMs
are usually found at the side chains that act as either strong
(Cys, Ser, Thr, Tyr, Lys, His, Arg, Asp, and Glu) or weak

FIGURE 1. Different terms used in early literature to describe intrinsically
disordered proteins.
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(Met, Asn, and Gln) nucleophiles, whereas the remaining
residues (Pro, Gly, Lys, Ile, Val, Ala, Trp, and Phe) are rarely
involved in the covalent modifications of their side chains
(20, 22). Curiously, there is a significant overlap between the
sets of modifiable and disorder-promoting residues (with the
noticeable exception of Cys and Tyr), whereas the majority
of non-modifiable residues (except for Pro) are order-pro-
moting. In agreement with these general observations, phos-
phorylation (18, 25, 26), acetylation, acylation, protease
digestion, methylation, ubiquitination, and some other
PTMs were shown to preferentially occur in IDPRs (18, 25,
27, 28). Therefore, IDPRs serve as carriers of PTMs, with
disorder being especially important for regions undergoing
multiple PTM events (29).

Binding Promiscuity: Never-nude Proteins

IDPs and IDPRs are promiscuous binders, able to participate
in interactions with various binding partners via the one-to-
many and in many-to-one binding scenarios (6, 9, 19, 22), and
many hub proteins (i.e. proteins that contain numerous links
within the protein-protein interaction networks) are IDPs (30 –
35). It seems that many IDPs/IDPRs are always involved in
interaction. Such always-complexed, never-nude proteins are
never alone, instead invariably and habitually interacting with
partners that could be different at different time points or at
different cellular locations.

Polyvalent Interactions: Polybivalent Scaffolds,
Polyvalent Wrappers, and Everything in Between

Polyvalent interactions refer to the simultaneous binding of
multiple binding sites of one protein to multiple receptors on
another protein (36). There are at least two different interaction
modes that define the formation of such polyvalent complexes,
namely semi-static and dynamic (37). One of the illustrative
examples of such interactions is given by IDP/IDPR wrapping
around the binding partner, which produces a polyvalent com-
plex, where several disjoint ordered segments of an IDP/IDPR
bind to disjoint and spatially distant binding sites on the surface
of an ordered partner (38). In such complexes, ordered seg-
ments of flexible wrappers are connected by flexible linkers and
have almost no intramolecular contacts, instead forming very
intensive intermolecular contacts with a binding partner (38).
Another important illustration of the disorder-based polyva-
lent interactions is given by bivalent and polybivalent scaffolds
(39). Here, two monovalent IDPs can form a bivalent macromo-
lecular scaffold via interaction with a dimeric protein with two
symmetrical binding sites or by self-association (39). Because
such bivalent scaffolds can bind additional bivalent ligands, a
polybivalent scaffold that promotes subsequent self-association
and/or higher order organization of the IDP components can
be created (39).

In addition to the aforementioned semi-static and fuzzy
polyvalent complexes, IDPs can be involved in the formation of
highly dynamic shuffle complexes illustrated by the tri-partite

FIGURE 2. Similarity of the dynamic conformational behavior of an IDP (neuroligin cytoplasmic domain (1)) with the behavior of a typical chaotic
system (the Lorenz attractor (2– 4)). A, single molecule FRET analysis of the conformational dynamics of the neuroligin cytoplasmic domain (1). In the top plot,
emissions of donor and acceptor are shown by green and red colors, respectively. A. U., arbitrary units. The bottom plot represents the time course of FRET
efficiency. The protein clearly shows hopping behavior, possessing stochastic transitions between different FRET efficiency (E) values (1). B, the time course of
one of the three variables in the Lorenz attractor (4), which is defined by a set of three nonlinear interdependent equations that were originally defined to
describe the weather (2, 3). This variable changes stochastically, and its stochastic changes clearly resemble the time dependence of the FRET efficiency
describing the conformational dynamics of the neuroligin cytoplasmic domain. In fact, similar to IDPs, this system is extremely sensitive to initial conditions
(butterfly effect). C, the phase-space representation of the behavior of the variable in the Lorenz attractor (4). Here, the variable is plotted against its rate of
change, generating the characteristic loops reflecting the presence of a strange attractor (2, 3). Note the resemblance of the shape of this plot to a butterfly.
Such a shape indicates that the trajectories of the chaotic system converge onto an infinitely complicated shape, known as an attractor. Trajectories on this
attractor that start close together diverge rapidly as time passes, but remain confined to the attractor (4).
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interaction of the intrinsically disordered C-terminal distal tail
of the human Na�/H� exchanger 1 (hNHE1cdt) with the inac-
tive extracellular signal-regulated kinase-2 (ERK2).3 Here, sev-
eral hNHE1cdt binding sites are involved in concomitant, non-
cooperative, tri-partite interaction with iaERK2, where the
hNHE1cdt sites do not affect each other and do not cooperate
to increase the overall affinity, but “shuffle” dynamically, being
sometimes off, sometimes on, thereby functioning similarly to
holding a hot potato,3 by analogy to the 40-year-old hot potato
hypothesis proposed by Perham (41) to describe channeling of
substrates and intermediates in multienzyme complexes.

Binding-induced Folding and Unfolding Transitions

As a result of interaction with specific binding partners,
IDPs/IDPRs can fold permanently or transiently. Some IDPs
can gain differently folded conformations being bound to dif-
ferent partners. Other IDPs preserve significant disorder in
their bound states. These various possibilities are schematically
represented in Fig. 3 and are briefly discussed below.

Binding-induced Folding: Molecular Glue, Molecular Mortar,
and Molecular Epoxy

Many IDPs/IDPRs are known to undergo function-induced
disorder-to-order transitions (18, 25, 42). The degree of this
binding-induced folding varies in different systems, giving rise
to the broad structural and functional heterogeneity of the
resulting complexes. One extreme case is given by IDPs serving
as molecular glue/mortar (18). For example, in the structure of
the Haloarcula marismortui ribosome, ribosomal proteins use
their IDPRs as molecular mortar to fill the gaps and cracks
between the rRNA loops (43). On the other hand, many protein
complexes are formed via the mutual folding associated with
the two-state complexation mechanism, where the protomers,
being intrinsically disordered in their uncomplexed form, have

to undergo at least partial binding-induced folding at the com-
plex formation (44 – 46). Because in such cases unbound forms
of both protomers are disordered or “liquid” and because these
complexes rigidify after binding, such systems can be described
as molecular epoxy.

Binding-induced Transient Folding: Disorder-controlled
Dynamic “On-Off” Switches

In addition to the formation of stable or static complexes via
the molecular mortar/epoxy mechanisms, IDPs/IDPRs serve as
a crucial foundation for the dynamic signaling interactions of
the “on-off” switch type because they can bind partners with
both high specificity and low affinity (47). This means that the
regulatory interactions can be specific and also can be easily
dispersed (9, 48). Obviously, this disorder-controlled “on-off”
switch represents a cornerstone of signaling, where turning a
signal off is as important as turning it on (6, 48).

Binding-induced Folding Divergence: Morphing
Shape-changers

The intrinsic plasticity of IDPs/IDPRs allows them to adopt
different structures upon binding to different partners (5, 30,
42, 49 –51). This possibility is illustrated by the morphing
MoRFs concept. MoRFs are molecular recognition features
that are defined as short, interaction-prone, (partially) struc-
tured fragments of IDPs and IDPRs that easily undergo disor-
der-to-order transitions upon binding to globular partners
(52–54). Structurally, MoRFs are classified according to their
structures in the bound state, where �-MoRFs form �-helices,
�-MoRFs form �-strands, and �-MoRFs form structures with-
out a regular pattern of backbone hydrogen bonds (52, 54). In
its bound state, a MoRF constitutes a short, contiguous, (par-
tially) structured segment fitted into a groove at the surface of
the ordered partner. Morphing MoRFs correspond to a subset
of MoRFs characterized by the polymorphism of their bound
states, where a bound region adopts completely different geom-
etries in the rigidified structures induced by the binding to its
partner, depending on the nature of the bound partner (15, 16,
19, 55, 56).

Binding-induced Under-folding: Fuzziness of Disorder-based
Complexes

Although an interaction of an IDP/IDPR with its binding
partner is often accompanied by a disorder-to-order transition
resulting in a (partial) folding of an IDP (9, 38, 50, 53, 54,
56 –59), many IDPs/IDPRs form fuzzy complexes in which they
remain predominantly disordered, at least outside the binding
interface (61– 68). Similar to the disordered regions of unbound
IDPs, these under-folded, fuzzy regions of bound IDPs/IDPRs
have multiple functions, e.g. serving as alternative contacts for
specific partners, usually via transient interactions and fine-
tuned by PTMs (68).

Binding and Non-folding: Stochastic Machines

Various disorder-related activities do not directly involve
coupled binding and folding of IDPs/IDPRs, but rather are de-
pendent on the flexibility, pliability, and plasticity of their back-
bone. These are so-called entropic chain activities, as they rely

3 R. Hendus-Altenburger, E. Pedraz-Cuesta, J. A. Schnell, E. Papaleo, C. W.
Olesen, J. M. la Cour, S. F. Pedersen, and B. B. Kragelund, manuscript in
preparation.

FIGURE 3. Schematic representation of a variety of folding transitions
induced in IDPs/IDPRs by interaction with binding partners.
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entirely on an extended random-coil conformation of a poly-
peptide that maintains flexibility while carrying out function (9,
69). Obviously, such entropic chain activities can be found not
only in a standalone IDPs, but also in some dynamic signaling
complexes (70). Fig. 4 shows a founding member of this class of
protein machines, which includes the axis inhibition (axin) pro-
tein responsible for the colocalization of �-catenin, casein
kinase I� (CKI-�), and glycogen synthetase kinase 3� (GSK3�),
resulting in the formation of a highly dynamic complex crucial
for the Wnt signaling pathway (70). In this stochastic machine,
�-catenin, CKI-�, and GSK3� bind to distant sites of the very
long IDPR of axin to form a complex consisting of structured
domains connected by long flexible linkers (55, 70 –72). This
stochastic machine works not by coordinated conformational
changes, but by stochastic, uncoordinated movements of the
long disordered linkers (flexible arms), which are in constant
chaotic motion but eventually enable productive collisions of
�-catenin with kinases, leading to phosphorylation of this pro-
tein (70). Because the human proteome contains hundreds of
axin-like proteins, it has been hypothesized that the “stochastic
machine” represents a common mechanism of action of disor-
dered protein complexes (70).

Binding-induced Unfolding: Awakening Dormant Disorder

Recent studies indicated that a path to function from disor-
der to order is not a one-way street, but a bidirectional road. In
fact, functions of some ordered proteins rely on local or even
global functional unfolding, which has induced nature and
transient character (73). This conditional (74) or transient dis-

order (75), also known as cryptic or dormant disorder, func-
tional induced unfolding (73), and regulated unfolding (76), can
be awakened by a wide spectrum of environmental factors, such
as changes in pH, temperature, the redox potential, mechanical
force, or light exposure, or via specific interactions of a protein
with its environment, such as interactions with membranes,
ligands, other proteins, nucleic acids, or various posttransla-
tional modifications, or the release of autoinhibition (73). The
function-related changes in these conditionally disordered pro-
teins are induced by transient alterations in their environment
or by modification of their structures, and they are reversed as
soon as the environment is restored or the modification is
removed (73). Therefore, the concept of ordered proteins with
dormant functional disorder (i.e. proteins that have unique
structures but are not functional unless (partially) unfolded)
challenges the viewpoint that intrinsic disorder could be bio-
logically irrelevant because IDPs/IDPRs have to undergo disor-
der-to-order transitions either during their functions or to
become functional, and being bound, they are not too different
from “normal” ordered proteins.

Pliable Complexes: Disorder for Internal and External
Uses

As it follows from the aforementioned observations, intrinsic
disorder plays a number of important roles in organization,
maintenance, and control of protein complexes (37). It has also
been emphasized that protein complexes utilize two different
types of functional disorder: internal, i.e. disorder used for
assembly, movement, and functional regulation of the different
parts of a given complex; and external, i.e. disorder used by a
complex for interaction with the external regulators (37). Irre-
spective of this internal/external classification, intrinsic disor-
der has three global functional implications in protein com-
plexes, where it is used for structural, functional, and regulatory
purposes (37).

Insuperable Attraction: Membraneless Organelles

On the opposite side of all the disorder-based protein com-
plexes briefly described in the previous sections, IDPs and
hybrid proteins with long IDPRs can be involved in the forma-
tion of various membraneless organelles via the intracellular
liquid-liquid phase separations (77). As follows from their
name, these membraneless organelles are devoid of mem-
branes, with their components being directly involved in con-
tact with the surrounding nucleoplasm or cytoplasm (78, 79).
These cytoplasmic and nuclear organelles are highly dynamic
entities and are formed due to the colocalization of molecules at
high concentrations within a small cellular or nuclear microdo-
main (78, 79), leading to the intracellular phase transitions (77,
80), which may be triggered by changes in the concentration of
IDPs, changes in the concentrations of specific small molecules
or salts, or changes in the pH and/or temperature of the solu-
tion. The formation can be further regulated by the various
posttranslational modifications and alternative splicing of the
phase-forming proteins, or by the binding of these proteins to
some definite partners (77). Importantly, said formation is not
typically accompanied by significant structural changes in the
assembling proteins (81).

FIGURE 4. Illustration of the stochastic machine. This figure shows a possi-
ble configuration for the complex involving axin, �-catenin, GSC-3�, and
CKI-�. Axin is shown with color variation to make its pathway easier to follow.
Ordered RGS (for regulator of G protein signaling) and DIX (for DIshevelled
and aXin) domains are located at the N and C termini of axin, respectively. The
dashed line corresponds approximately to the location of the Gly295–Ala500

disordered segment (60). Axin binds to CKI-� (at two separate sites), to
GSK3�, and also to �-catenin. Because the �-catenin binding site of axin is
located between the GSK3� and CKI-� interaction sites, and because the two
binding sites with CKI-� may lead to the formation of a loop, �-catenin
becomes close to both kinases. Hence, the formation of this �-catenin
destruction complex pulls all the proteins together, and substantially raises
their local concentrations. Because the phosphorylation sites are in a disor-
dered region of �-catenin and because the various binding sites are all in a
long disordered region in axin, random motions of these flexible regions can
readily bring about the substrate-enzyme collisions needed for function.
Reproduced with permission from Ref. 70. © 2013 John Wiley & Sons Inc.
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Evolution of Intrinsic Disorder: Back to the Future

Numerous computational studies have revealed that IDPs/
IDPRs are more common in eukaryotes than in less complex
organisms (82–90). Furthermore, regions of eukaryotic mRNA
affected by alternative splicing often code for IDPRs, suggesting
that the invention of this intrinsic disorder/alternative splicing
duet was an evolutionary breakthrough that eventually gener-
ated multicellular organisms (91). The high abundance of IDPs/
IDPRs in eukaryotes and the fact that the process of alternative
splicing is found almost exclusively in eukaryotes seem to sug-
gest that intrinsic disorder represents a relatively recent evolu-
tionary creation. However, at the early stages of life evolution
on Earth, where the first polypeptides originated in the primor-
dial soup, the probability for these primitive proteins to have
unique structures was extremely low. This hypothesis is further
supported by the temporal order of addition of the amino acid-
coding tri-nucleotides to the genetic code: Gly/Ala, Val/Asp,
Pro, Ser, Glu/Leu, Thr, Arg, Asn, Lys, Gln, Ile, Cys, His, Phe,
Met, Tyr, and Trp (92). Importantly, many of the early amino
acids (e.g. Gly, Asp, Glu, Pro, and Ser) are disorder-promoting,
whereas codons encoding the major order-promoting residues
(Cys, Trp, Tyr, and Phe) were a later addition to the genetic
code (93). Therefore, it is very likely that the primordial poly-
peptides were intrinsically disordered, and thus, the global evo-
lution of intrinsic disorder is characterized by a wavy pattern,
where highly disordered primordial proteins were first substi-
tuted by highly ordered enzymes that evolved to catalyze the
production of different compounds crucial for the independent
existence of the first cellular organisms, and then the protein
intrinsic disorder was reinvented at subsequent evolutionary
steps, leading to the development of more complex organisms
(93).

Natural Abundance of IDPS: Where Do You Not Find
Disorder?

Recent years have witnessed a dramatic change in the under-
standing of the natural abundance of IDPs/IDPRs from some
obscure, rare, and easily countable exceptions (in the early
days), to the currently accepted abundant normality, where the
prevalence of IDPs/IDPRs in various proteomes and biological
processes is a well recognized reality (82–90). In other words,
protein science transitioned from searching for “Where can you
find disorder?” to “Where is disorder not present?” Because
disorder is almost incompatible with catalytic and transport
functions, the answer seems to be straightforward: enzymes,
transport, and transmembrane proteins should be mostly
ordered. However, besides doing their catalytic and transport
jobs, these last outposts of order need to be controlled and
regulated. Furthermore, they can also control and regulate
other proteins. Thus, it is not surprising that in addition to their
ordered domains, many enzymes, transport, and membrane
proteins have numerous, and often long, functional IDPRs (94 –
98). Furthermore, it has been recently hypothesized that even
membrane-embedded domains of multipass transmembrane
proteins could be disordered (40). In this model, disordered
membrane proteins are suggested to have fully formed second-
ary structure, but little tertiary structure, and the sequence sig-

nature for disorder in membrane proteins is likely to be
reversed, with disordered transmembrane proteins being more
hydrophobic than their folded counterparts (40). Therefore, it
seems that disorder is here, there, and everywhere.

Concluding Remarks: Moving Means Alive!

Although gaining structural and functional information
about IDPs and IDPRs is a challenge, because they do not typi-
cally “freeze” while their “pictures are taken,” a decade and a
half of intensive studies on these proteins revealed a number of
unique features related to their sequence organization, struc-
tural heterogeneity, conformational properties, natural abun-
dance, cellular distribution, functional repertoire, regulation,
interactability, involvement in the pathogenesis of various dis-
eases, etc. However, the mass of data produced so far represents
just a small tip of a colossal iceberg, and disorder-related
research continues to awe researchers on a regular basis. More
discoveries and breakthroughs are expected in the future due to
the elaboration of novel experimental and computational tools
for focused studies of these intriguing members of the protein
universe.
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A. K. (2002) Intrinsic disorder in cell-signaling and cancer-associated
proteins. J. Mol. Biol. 323, 573–584

49. Meador, W. E., Means, A. R., and Quiocho, F. A. (1993) Modulation of
calmodulin plasticity in molecular recognition on the basis of x-ray
structures. Science 262, 1718 –1721

50. Kriwacki, R. W., Hengst, L., Tennant, L., Reed, S. I., and Wright, P. E.
(1996) Structural studies of p21Waf1/Cip1/Sdi1 in the free and Cdk2-bound
state: conformational disorder mediates binding diversity. Proc. Natl.
Acad. Sci. U.S.A. 93, 11504 –11509

51. Uversky, V. N. (2003) Protein folding revisited. A polypeptide chain at
the folding-misfolding-nonfolding cross-roads: which way to go? Cell.
Mol. Life Sci. 60, 1852–1871

52. Mohan, A., Oldfield, C. J., Radivojac, P., Vacic, V., Cortese, M. S., Dunker,
A. K., and Uversky, V. N. (2006) Analysis of molecular recognition fea-
tures (MoRFs). J. Mol. Biol. 362, 1043–1059

53. Oldfield, C. J., Cheng, Y., Cortese, M. S., Romero, P., Uversky, V. N., and
Dunker, A. K. (2005) Coupled folding and binding with �-helix-forming
molecular recognition elements. Biochemistry 44, 12454 –12470

54. Vacic, V., Oldfield, C. J., Mohan, A., Radivojac, P., Cortese, M. S., Uver-
sky, V. N., and Dunker, A. K. (2007) Characterization of molecular rec-
ognition features, MoRFs, and their binding partners. J. Proteome Res. 6,
2351–2366

55. Dajani, R., Fraser, E., Roe, S. M., Yeo, M., Good, V. M., Thompson, V.,
Dale, T. C., and Pearl, L. H. (2003) Structural basis for recruitment of
glycogen synthase kinase 3� to the axin-APC scaffold complex. EMBO J.
22, 494 –501

56. Dyson, H. J., and Wright, P. E. (2002) Coupling of folding and binding for
unstructured proteins. Curr. Opin. Struct. Biol. 12, 54 – 60

57. Lacy, E. R., Filippov, I., Lewis, W. S., Otieno, S., Xiao, L., Weiss, S., Hengst,
L., and Kriwacki, R. W. (2004) p27 binds cyclin-CDK complexes through
a sequential mechanism involving binding-induced protein folding. Nat.
Struct. Mol. Biol. 11, 358 –364

58. Lacy, E. R., Wang, Y., Post, J., Nourse, A., Webb, W., Mapelli, M., Musac-
chio, A., Siuzdak, G., and Kriwacki, R. W. (2005) Molecular basis for the
specificity of p27 toward cyclin-dependent kinases that regulate cell di-
vision. J. Mol. Biol. 349, 764 –773

59. Cheng, Y., Oldfield, C. J., Meng, J., Romero, P., Uversky, V. N., and
Dunker, A. K. (2007) Mining �-helix-forming molecular recognition fea-

MINIREVIEW: Dancing Protein Clouds

MARCH 25, 2016 • VOLUME 291 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 6687



tures with cross species sequence alignments. Biochemistry 46,
13468 –13477

60. Shibata, N., Tomimoto, Y., Hanamura, T., Yamamoto, R., Ueda, M.,
Ueda, Y., Mizuno, N., Ogata, H., Komori, H., Shomura, Y., Kataoka, M.,
Shimizu, S., Kondo, J., Yamamoto, H., Kikuchi, A., and Higuchi, Y. (2007)
Crystallization and preliminary X-ray crystallographic studies of the axin
DIX domain. Acta Crystallogr. Sect F Struct. Biol. Cryst. Commun. 63,
529 –531

61. Tompa, P., and Fuxreiter, M. (2008) Fuzzy complexes: polymorphism
and structural disorder in protein-protein interactions. Trends Biochem.
Sci. 33, 2– 8

62. Hazy, E., and Tompa, P. (2009) Limitations of induced folding in molec-
ular recognition by intrinsically disordered proteins. Chemphyschem 10,
1415–1419

63. Sigalov, A., Aivazian, D., and Stern, L. (2004) Homooligomerization of
the cytoplasmic domain of the T cell receptor � chain and of other pro-
teins containing the immunoreceptor tyrosine-based activation motif.
Biochemistry 43, 2049 –2061

64. Sigalov, A. B., Zhuravleva, A. V., and Orekhov, V. Y. (2007) Binding of
intrinsically disordered proteins is not necessarily accompanied by a
structural transition to a folded form. Biochimie 89, 419 – 421

65. Permyakov, S. E., Millett, I. S., Doniach, S., Permyakov, E. A., and Uver-
sky, V. N. (2003) Natively unfolded C-terminal domain of caldesmon
remains substantially unstructured after the effective binding to calmod-
ulin. Proteins 53, 855– 862

66. Fuxreiter, M. (2012) Fuzziness: linking regulation to protein dynamics.
Mol. Biosyst. 8, 168 –177

67. Fuxreiter, M., and Tompa, P. (2012) Fuzzy complexes: a more stochastic
view of protein function. Adv. Exp. Med. Biol. 725, 1–14

68. Sharma, R., Raduly, Z., Miskei, M., and Fuxreiter, M. (2015) Fuzzy com-
plexes: specific binding without complete folding. FEBS Lett. 589,
2533–2542

69. Uversky, V. N., Oldfield, C. J., and Dunker, A. K. (2005) Showing your ID:
intrinsic disorder as an ID for recognition, regulation and cell signaling. J.
Mol. Recognit. 18, 343–384

70. Xue, B., Romero, P. R., Noutsou, M., Maurice, M. M., Rüdiger, S. G.,
William, A. M., Jr., Mizianty, M. J., Kurgan, L., Uversky, V. N., and
Dunker, A. K. (2013) Stochastic machines as a colocalization mechanism
for scaffold protein function. FEBS Lett. 587, 1587–1591

71. Zhang, Y., Qiu, W. J., Chan, S. C., Han, J., He, X., and Lin, S. C. (2002)
Casein kinase I and casein kinase II differentially regulate axin function in
Wnt and JNK pathways. J. Biol. Chem. 277, 17706 –17712

72. Xing, Y., Takemaru, K., Liu, J., Berndt, J. D., Zheng, J. J., Moon, R. T., and
Xu, W. (2008) Crystal structure of a full-length �-catenin. Structure 16,
478 – 487

73. Jakob, U., Kriwacki, R., and Uversky, V. N. (2014) Conditionally and
transiently disordered proteins: awakening cryptic disorder to regulate
protein function. Chem. Rev. 114, 6779 – 6805

74. Bardwell, J. C., and Jakob, U. (2012) Conditional disorder in chaperone
action. Trends Biochem. Sci. 37, 517–525

75. Creamer, T. P. (2013) Transient disorder: calcineurin as an example.
Intrinsically Disord. Proteins 1, e26412

76. Mitrea, D. M., and Kriwacki, R. W. (2013) Regulated unfolding of pro-
teins in signaling. FEBS Lett. 587, 1081–1088

77. Uversky, V. N., Kuznetsova, I. M., Turoverov, K. K., and Zaslavsky, B.
(2015) Intrinsically disordered proteins as crucial constituents of cellular
aqueous two phase systems and coacervates. FEBS Lett. 589, 15–22

78. Phair, R. D., and Misteli, T. (2000) High mobility of proteins in the mam-
malian cell nucleus. Nature 404, 604 – 609

79. Pederson, T. (2001) Protein mobility within the nucleus: what are the
right moves? Cell 104, 635– 638

80. Brangwynne, C. P. (2013) Phase transitions and size scaling of mem-
brane-less organelles. J. Cell Biol. 203, 875– 881

81. Nott, T. J., Petsalaki, E., Farber, P., Jervis, D., Fussner, E., Plochowietz, A.,
Craggs, T. D., Bazett-Jones, D. P., Pawson, T., Forman-Kay, J. D., and
Baldwin, A. J. (2015) Phase transition of a disordered nuage protein gen-
erates environmentally responsive membraneless organelles. Mol. Cell
57, 936 –947

82. Dunker, A. K., Obradovic, Z., Romero, P., Garner, E. C., and Brown, C. J.
(2000) Intrinsic protein disorder in complete genomes. Genome Inform.
Ser. Workshop Genome Inform. 11, 161–171

83. Ward, J. J., Sodhi, J. S., McGuffin, L. J., Buxton, B. F., and Jones, D. T.
(2004) Prediction and functional analysis of native disorder in proteins
from the three kingdoms of life. J. Mol. Biol. 337, 635– 645

84. Feng, Z. P., Zhang, X., Han, P., Arora, N., Anders, R. F., and Norton, R. S.
(2006) Abundance of intrinsically unstructured proteins in P. falciparum
and other apicomplexan parasite proteomes. Mol. Biochem. Parasitol.
150, 256 –267

85. Tompa, P., Dosztanyi, Z., and Simon, I. (2006) Prevalent structural dis-
order in E. coli and S. cerevisiae proteomes. J. Proteome Res. 5,
1996 –2000

86. Galea, C. A., High, A. A., Obenauer, J. C., Mishra, A., Park, C. G., Punta,
M., Schlessinger, A., Ma, J., Rost, B., Slaughter, C. A., and Kriwacki, R. W.
(2009) Large-scale analysis of thermostable, mammalian proteins pro-
vides insights into the intrinsically disordered proteome. J. Proteome Res.
8, 211–226

87. Xue, B., Williams, R. W., Oldfield, C. J., Dunker, A. K., and Uversky, V. N.
(2010) Archaic chaos: intrinsically disordered proteins in Archaea. BMC
Syst. Biol. 4, Suppl. 1, S1

88. Burra, P. V., Kalmar, L., and Tompa, P. (2010) Reduction in structural
disorder and functional complexity in the thermal adaptation of pro-
karyotes. PLoS ONE 5, e12069

89. Xue, B., Dunker, A. K., and Uversky, V. N. (2012) Orderly order in protein
intrinsic disorder distribution: disorder in 3500 proteomes from viruses
and the three domains of life. J. Biomol. Struct. Dyn. 30, 137–149

90. Peng, Z., Yan, J., Fan, X., Mizianty, M. J., Xue, B., Wang, K., Hu, G.,
Uversky, V. N., and Kurgan, L. (2015) Exceptionally abundant excep-
tions: comprehensive characterization of intrinsic disorder in all do-
mains of life. Cell. Mol. Life Sci. 72, 137–151

91. Romero, P. R., Zaidi, S., Fang, Y. Y., Uversky, V. N., Radivojac, P., Oldfield,
C. J., Cortese, M. S., Sickmeier, M., LeGall, T., Obradovic, Z., and Dunker,
A. K. (2006) Alternative splicing in concert with protein intrinsic disor-
der enables increased functional diversity in multicellular organisms.
Proc. Natl. Acad. Sci. U.S.A. 103, 8390 – 8395

92. Trifonov, E. N. (2000) Consensus temporal order of amino acids and
evolution of the triplet code. Gene 261, 139 –151

93. Uversky, V. N. (2013) A decade and a half of protein intrinsic disorder:
Biology still waits for physics. Protein Sci. 22, 693–724

94. Kathiriya, J. J., Pathak, R. R., Clayman, E., Xue, B., Uversky, V. N., and
Davé, V. (2014) Presence and utility of intrinsically disordered regions in
kinases. Mol. Biosyst. 10, 2876 –2888

95. De Biasio, A., Guarnaccia, C., Popovic, M., Uversky, V. N., Pintar, A., and
Pongor, S. (2008) Prevalence of intrinsic disorder in the intracellular
region of human single-pass type I proteins: the case of the notch ligand
Delta-4. J. Proteome Res. 7, 2496 –2506

96. Xue, B., Li, L., Meroueh, S. O., Uversky, V. N., and Dunker, A. K. (2009)
Analysis of structured and intrinsically disordered regions of transmem-
brane proteins. Mol. Biosyst. 5, 1688 –1702

97. Peng, Z., Sakai, Y., Kurgan, L., Sokolowski, B., and Uversky, V. (2014)
Intrinsic disorder in the BK channel and its interactome. PLoS ONE 9,
e94331

98. Zandany, N., Lewin, L., Nirenberg, V., Orr, I., and Yifrach, O. (2015)
Entropic clocks in the service of electrical signaling: ’ball and chain’
mechanisms for ion channel inactivation and clustering. FEBS Lett. 589,
2441–2447

MINIREVIEW: Dancing Protein Clouds

6688 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 13 • MARCH 25, 2016



Insights into Coupled Folding
and Binding Mechanisms from
Kinetic Studies*
Published, JBC Papers in Press, February 5, 2016, DOI 10.1074/jbc.R115.692715

Sarah L. Shammas1, Michael D. Crabtree, Liza Dahal,
Basile I. M. Wicky, and Jane Clarke2

From the Department of Chemistry, University of Cambridge, Lensfield
Road, Cambridge CB2 1EW, United Kingdom

Intrinsically disordered proteins (IDPs) are characterized by a
lack of persistent structure. Since their identification more than
a decade ago, many questions regarding their functional rele-
vance and interaction mechanisms remain unanswered. Al-
though most experiments have taken equilibrium and structural
perspectives, fewer studies have investigated the kinetics of
their interactions. Here we review and highlight the type of
information that can be gained from kinetic studies. In particu-
lar, we show how kinetic studies of coupled folding and binding
reactions, an important class of signaling event, are needed to
determine mechanisms.

A cursory scan of scientific literature shows the increasing
interest in the study of intrinsically disordered proteins, per-
haps reflecting the discovery of the key role that disordered
regions of proteins play in the central processes of recognition,
cell signaling, and regulation. A more detailed analysis of the
literature, however, reveals that the vast majority of this work is
computational, theoretical, or structural, i.e. analysis and pre-
diction of IDP3 abundance (1, 2) and of the structural properties
of disordered ensembles and assemblies (3–5). Biophysical
studies have largely been carried out at equilibrium, investigat-
ing the dynamics of these disordered states (6, 7), their binding
affinities, and how modulation in structure or binding affinities
translates into function (8). Here we discuss just how powerful
kinetic studies of the coupled folding and binding of IDPs have
proved to be. They are essential for determining the mecha-
nisms of binding (9), and also allow us to address some of the
outstanding questions in the IDP field.

How Different are IDPs Anyway? The Importance of
Experimental Conditions

A significant proportion of proteins lack a stable, well
defined, three-dimensional structure (10). These proteins,
termed IDPs, can display varying amounts of residual second-
ary structure. Their structural heterogeneity arises from their
sequence composition, which differs markedly from that of
folded proteins; Gly, Pro, and charged residues are over-repre-
sented, whereas hydrophobic amino acids, which typically form
the core of folded proteins, are under-represented (11–13).
These compositional differences form the basis for the identi-
fication of disordered regions using bioinformatics algorithms
(14). Contribution of charged residues to disorder profiles can
be complex, as reflected by the importance of charge patterning
in defining the extent of chain collapse (15–17). The increased
conformational plasticity and altered physicochemical proper-
ties imparted by their sequence composition also change their
responses to external factors such as ionic strength, tempera-
ture, and molecular crowders (18 –20). Internal friction (rough-
ness of the energy landscape) has been shown to be related to
sequence composition, and may therefore be different for IDPs
than denatured folded proteins (7). However, what effects do
these features have when it comes to IDP-ligand interactions?
Do IDPs react similarly to changes in environment as their
folded counterparts? These questions can be investigated
mechanistically through kinetic studies. One paradigm of early
IDP studies was that disorder facilitates high specificity, low
affinity binding. Although it is true that on average IDPs form
looser complexes with faster dissociation rate constants (koff)
and statistically similar association rate constants (kon) com-
pared with folded proteins, the available range of values for
both is very wide (21, 22). Thus, similar binding kinetics can be
obtained for both folded and disordered proteins. It is likely
that biophysical properties reflect the function of the folding
and binding reaction (Fig. 1).

Electrostatic interactions can accelerate association for
folded proteins by orders of magnitude (23) and cause dramatic
ionic strength dependence of association rates (kon), whereas
dissociation is generally affected only marginally. Electrostatic
steering has also been identified for coupled folding and bind-
ing of IDPs, where kon has been found to be beyond the
expected “diffusion limit” but reduced at infinite ionic strength
(24, 25). Interestingly, the electrostatic rate enhancement for
c-Myb binding to KIX (CREB binding domain of CBP), and
PUMA binding to Mcl-1 are under 20-fold, much less than, for
example, barnase binding to barstar (about 4 –5 orders of mag-
nitude) (23). Recent binding studies utilizing NCBD demon-
strated larger rate enhancements from electrostatic steering
for its IDP partners when compared with its folded partners
(26). It is clear that, with many IDPs having an excess of
charged residues, electrostatics is of crucial relevance. Another
potential difference in the role of electrostatics for disordered
protein interactions is their increased propensity to undergo
post-translational modifications that can alter protein charge,
e.g. phosphorylation (27, 28). Such changes affect binding affin-
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ity (29, 30) and can be mediated both through altered long-
range and local electrostatic forces and through more specific
transition state effects.

Obtaining basal rate constants (kon in the absence of long-
range electrostatics) is crucial for making mechanistic conclu-
sions on the basis of kon, as exemplified for the case of c-Myb
binding to KIX (31). Here a longer version of c-Myb with
increased residual structure associates faster under physiolog-
ical ionic strength, suggesting that residual structure may be
important in determining kon. However, the basal rate con-
stants are identical within error, indicating that the change of
charge and not the increase in residual helicity is responsible for
the faster association at physiological ionic strength.

In addition to understanding the contribution from electro-
static interactions, kinetic studies of IDPs allow activation ener-
gies for coupled folding and binding reactions to be determined
(25), giving further insight into the mechanisms by which this
class of proteins achieves their functional roles. More funda-
mental studies of this kind are needed to determine whether
IDPs really behave differently from their folded counterparts.

Which Comes First: Binding or Folding?

Kinetics are essential to answer this question, but even when
kinetics have been determined, the answer can be difficult to
obtain (32–34). Practically speaking, kinetic studies involve
monitoring changes in response of a probe, such as an intrinsic
or extrinsic fluorophore, upon either (i) the rapid mixing of the
IDP and its partner in a stopped-flow or continuous-flow for-
mat to observe complex formation (Fig. 2A), or (ii) sudden
alteration of experimental conditions, e.g. temperature, leading
to system relaxation back to equilibrium (35). When the reac-
tion timescales are appropriate, it is also possible to obtain

System kon (M-1 s-1) koff (s-1) Kd Conditions Function 

CBP KIX : various 
ligands 

Fast 
 

106 – 107 

Fast 
 

1 – 130 

Weak 
 

0.2 – 5 µM 

10 °C 
pH 7.4 

Phosphate buffer 
(100 mM) 

 I ~250 mM 

Transcription / Signalling 
 

A sensitive switch? 

Mcl-1 : PUMA 

Fast 
 

1.6  107 

Slow 
 

1.6  10-3 

 
Tight 

 
0.1 nM 

 

25 °C 
pH 7.0 

Phosphate buffer 
(50 mM) 

 I ~100 mM 

Apoptosis 
 

An immutable trigger? 

Spectrin 
tetramerization 

domain  
Slow 

 
630 

 

Slow 
 

2.6  10-4 

Weak 
 

0.4 µM 

25 °C 
pH 7.0 
PBS 

I ~250 mM  

Structural 
 

Association assisted by  
position on membrane 

 
Very stable once formed 

 

FIGURE 1. The thermodynamic and kinetic properties of IDPs vary over orders of magnitude, and may be related to their function. Examples are given
from studies in our laboratory (21, 24, 31).

FIGURE 2. Kinetic experiments of coupled folding and binding reac-
tions under pseudo-first order conditions. A, example kinetic traces for
two-state and three-state processes, fit to single exponential and double
exponential decay functions, respectively. a. u., arbitrary units. B, depen-
dence of observed rate constants upon protein concentrations. Analytical
solutions are presented for a two-state reaction (kon � 40 �M

�1 s�1, koff �
10 s�1) and a three-state IF reaction (k� � 40 �M

�1 s�1, k� � 10 s�1, kf �
10 s�1, ku � 20 s�1). C, reaction schemes for two-state and three-state (IF
and CS) processes.
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kinetics from NMR experiments (36, 37). In mixing studies, it is
common to arrange the conditions such that one protein is in
excess over the other (typically described as �10-fold) (32) and
its concentration remains relatively constant throughout the
reaction. The rate equations then become pseudo-first order
and can be readily solved to obtain a description of the reaction
progress with time (38). In the case of a simple two-state sys-
tem, the kinetics are described by a single exponential decay
function (or phase), with the associated observed rate constant
being linearly dependent on the protein concentration (Fig.
2B). Experiments are performed at multiple concentrations,
and the concentration dependence of the observed rates can
then be used to extract fundamental rate constants for the
system.

In coupled folding and binding studies, there is necessarily a
conformational change as well as a binding step. A frequent
question asked regards the order of these events. There are two
extreme mechanisms that can be imagined (Fig. 2C). In the
induced fit (IF) scheme, the IDP binds to its partner and subse-
quently folds. In the conformational selection (CS) scheme, the
partner binds (selects) only the proteins in the IDP ensemble
with the correct conformation. It can be possible to discrimi-
nate between these two situations through kinetic studies.

Unfortunately, an exact generalized description of reaction
progress with time is impossible for both IF and CS schemes as
there is no analytical solution to either set of rate equations.
However, it is again possible to overcome this obstacle by
arranging pseudo-first order conditions with the folded protein
in excess, so the rate equations are simplified to linear equa-
tions that are readily solved. Kinetic traces then consist of up to
two exponential decay phases (38, 40, 41) (Fig. 2A), which is a
relatively simple functional form to fit. In both schemes, the
observed rate constants and amplitudes of the two phases actu-
ally involve a defined mixture of the four fundamental rate con-
stants, and their concentration dependences can appear very
similar (39). For example, at high protein concentrations, two
rate constants may be observed: one that is apparently indepen-
dent of protein concentration and corresponds to the unimo-
lecular process, and another that is linearly dependent and cor-
responds to the binding process. Although this can make it
difficult to discriminate between the two mechanisms, the
ambiguity can be cleared up by performing similar experiments
under reversed pseudo-first order conditions, i.e. by putting the
IDP in excess. If the process is IF, then the observed rate con-
stants will remain the same, but if the process is CS, then the
observed rate constants will be different (33). Indeed because it
can be difficult to practically obtain an excess of A* over B,4 the
kinetic trace may deviate from the exponential decay form in
this case.

The discussion so far has described the situation when two
phases are observed in kinetic traces. However, in practice, it is
common to observe only one phase in these types of experi-

ments, either because one of the rate constants is too fast, or
because its amplitude is too low, to be reliably observed (25, 33,
42– 44). The former may be likely in the case of IDP-partner
interactions because IDPs often fold into relatively simple
structures such as short �-helices upon binding, and helix
(un)folding rate constants are known to be much higher than
observed binding rate constants (45). Thus, we dedicate the rest
of this paragraph to a discussion of the kinetic features when
folding and unfolding are very fast when compared with bind-
ing and unbinding. As in these cases there is always a fixed ratio
of the folded and unfolded species, i.e. A*B and AB, or A and A*,
the folded and unfolded forms are observed as only a single
species by ensemble measurements, and association kinetics
display a single observed rate constant that is linearly depen-
dent upon the protein concentration. The kinetics then reduce
to the simple two-state case described previously, with the
observed rate constants being related to the fundamental rate
constants. For CS processes, the observed association rate con-
stant, which is given by the gradient of the straight line, is actu-
ally significantly lower than the microscopic association rate
constant. This is essentially because few of the collisions will be
with “reactive” IDP protein. It has been pointed out that very
fast interactions, with observed kon � 107 M�1 s�1 in the
absence of electrostatic enhancement, are therefore inconsis-
tent with CS schemes (25, 32). In contrast, the observed gradi-
ent for IF processes represents the binding rate constant and
can be similar to those observed between pairs of folded pro-
teins, whereas dissociation is slowed because it can only occur
from the intermediate state. Observations so far have shown no
significant differences in reported association rate constants for
IDPs when compared with folded proteins (21), which might
suggest that IF is the preferred mechanism; however, both cover a
large range of values, and it is possible that differences in electro-
static rate enhancements are masking an effect. It is often claimed
that disorder might enhance association rates of IF mechanisms,
through increasing capture radius (“fly-casting”); however, this is
likely to make only a small contribution (�2-fold) and has yet to be
experimentally demonstrated (46, 47).

It is important to note that whereas reversing pseudo-first
order conditions where two phases are reliably observed can
discriminate between IF and CS, this is not always possible
when (un)folding rate constants are high and the process is
apparently two-state. In this case, reversing pseudo-first order
conditions does not change the observed rate constant for
either scheme. However, there are two circumstances where a
CS mechanism is indicated. The first occurs if an observed rate
constant decreases with protein concentration, which happens
when conformational changes are slow when compared with
unbinding (39). The second occurs if observed kinetics deviate
from single exponential behavior and/or the observed rate con-
stant obtained with the folded partner in excess. This can occur if
pseudo-first order conditions have not been achieved. Because
pseudo-first order conditions with A over B are easily achieved for
IF, but difficult to achieve with A* over B in CS (only a small pro-
portion of unbound IDP is folded), this behavior suggests CS.

Although the majority of kinetic studies arrange pseudo-first
order mixing conditions to achieve exponential decay kinetics,
in the case of a two-state system (single phase observed with no

4 The following designations are used throughout and correspond to the
schemes shown in Fig. 2C: A*, binding-competent IDP; B, folded partner
protein; A*B, bound intermediate; AB, bound complex; A, unbound IDP.
Note that in the conformational selection scheme, species A does not
include unbound IDP that is binding-competent.
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populated intermediate), it is actually possible to solve the rate
equations analytically (21, 25). If it is possible to perform exper-
iments at concentrations such that koff makes a significant con-
tribution to the observed kinetics, then both kon and koff can be
estimated from a single mixing experiment (21, 25).

Dissociation kinetic experiments can also be very informa-
tive. They typically involve dilution of a labeled preformed
complex into a large excess of unlabeled partner protein, which
ensures virtually irreversible dissociation of the labeled version
(31, 42, 43). Care must be taken in these experiments because if
the concentration of unlabeled competitor is not high enough,
the observed dissociation rate constant will depend upon com-
petitor concentration and will not be accurate. For two-state
reactions, where A* or A*B are not significantly populated, the
ratio koff/kon will equal the observed Kd and koff matches the y
axis intercept in the association kinetic graph.

Finally, it is worth noting that the viewpoint of pure IF or CS
mechanisms is a likely oversimplification. Processes might con-
tain elements of both mechanisms, e.g. selection of partially
folded IDPs in the ensemble. It is also possible that both mech-
anisms exist in parallel, with flux through each depending upon
experimental conditions including protein concentration (48).

What Is the Role of Order within Disorder?

Although largely unstructured, IDPs can contain regions of
transient secondary structure. In the case of IDPs that undergo
coupled folding and binding, the presence and abundance of
the bound, folded conformation within the IDP ensemble are
potentially important. For example, combining structural data
from NMR with equilibrium measurements has indicated that
increasing the proportion of unbound IDP with a structure that
resembles the bound state enhances the binding affinity for the
partner protein (34, 49). Of course, increased unbound order
and enhanced complex stability are not necessarily advanta-
geous for the function of the IDP (8).

Kinetic analysis is required to answer the key question from
these studies. Is the increased complex affinity due to an
enhanced kon or reduced koff? Mechanistically, an increased kon
upon increasing the order within the unbound ensemble might
indicate that the reaction is proceeding via a CS mechanism.
However, care must be taken in this analysis, as an increased kon
would also be observed for IDPs where the rate-limiting folding
step occurs after binding, i.e. the IF mechanism. Here, it is not
the abundance of free structured IDP that is influencing the kon;
instead, increased structure may increase the kon by lowering
the energy of the transition state for folding once bound.

A few studies have investigated the influence of residual
structure on the kinetics of coupled folding and binding of
IDPs. For association of c-Myb with KIX, increasing the resid-
ual structure of c-Myb, through the use of the helix stabilizer
trifluoroethanol (50) or modulation of peptide length (31),
decreases koff without significantly altering kon (suggesting an
IF mechanism). It has been suggested that positive correlation
of the kon from the �-value analysis for this system (51) with the
predicted helicity indicates that the process may involve some
form of CS (37) but, as described above, this apparent correla-
tion could also be due to a lowering of the transition state bar-
rier for folding. Mutation of surface residues in PUMA to pro-

line, which destabilizes helices, was found to reduce its affinity
for Mcl-1. Through kinetic analysis, it was shown that this
reduction is due to an increase in koff, with no significant
changes in kon (52). In contrast, the enhanced affinity for the
CID domain of ACTR with NCBD upon increasing residual
helical propensity was due to both due to an increase in kon and
a decrease in koff (34).

So far, most studies show an increase in affinity upon increas-
ing residual structure. However, the differing kinetic explana-
tions behind the increases in affinity emphasize the importance
of thorough kinetic analysis in describing mechanisms.

Probing Transition States

Analyzing an experimental system at residue level allows
probing transition states or short-lived intermediates on a reac-
tion pathway. Several studies in protein folding have applied
site-directed mutagenesis along with biophysical measure-
ments to understand folding mechanisms (53). Such muta-
tional analysis along with kinetics can also be applied to IDPs to
study interactions with their partners in more detail.

Why is it important to look at transition states? Interactions
between IDPs and their partners are complex reactions. The
NMR techniques used to study these interactions can identify
the unbound disordered IDP, the fully bound complex struc-
ture, and in some cases, stable intermediates (36, 37). However,
it is particularly important to visualize the unpopulated transi-
tion states to understand the critical molecular contacts formed
during these coupled folding and binding reactions. This can
only be achieved through �-value analysis, which maps the
structure formation in the transition state by comparing rate
constants for wild-type and mutant proteins (54).

In protein folding studies, folding and unfolding rate con-
stants are used to calculate �-values. Analogously, for an IDP
system, kinetic rate constants (kon and koff) and Kd are used to
calculate the �-values using Equation 1.

� �
ln�kon

wt/kon
mut�

ln�Kd
mut/Kd

wt�
or � �

ln�kon
wt/kon

mut�

ln�koff
mut/kon

mut

koff
wt/kon

wt � or � �

ln� koff
wt/Kd

wt

koff
mut/Kd

mut�
ln�Kd

mut/Kd
wt�

(Eq. 1)

Point mutations in a protein may change kon and koff as
shown in Fig. 3. The �-value for each residue reports on the
proportion of intermolecular or intramolecular native contacts
it makes at the transition state. Where � � 1, these contacts are
fully formed (Fig. 3A). Where � � 0, these contacts are as
unformed in the transition state as they are in the unbound
state (Fig. 3C). Intermediate �-values reflect intermediate
structure formation (Fig. 3B). Particular care has to be taken in
interpreting values of association reactions because early con-
tacts may be non-native (43). Conventionally, interfacial resi-
dues are mutated to Ala to probe for hydrophobic interactions
(tertiary structure), and surface-exposed residues are mutated
to Ala and Gly to probe for helix formation (secondary struc-
ture). Care must be taken if charged residues are mutated
because, as we have seen, kon values are particularly sensitive to
changes in electrostatics.
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The few examples in the literature where �-value analysis has
been applied to IDPs are shown in Fig. 4. In some cases, the IDP
appears to be largely or partly unstructured at the transition
state. For PUMA�Mcl-1, mutations to probe helix formation
and hydrophobic interactions resulted in generally low �-val-
ues, with values increasing slowly toward the N terminus, sug-
gesting that the IDP has only embryonic structure at the N
terminus (43). Low �-values were also observed for helix

formation and hydrophobic interactions in the S-protein�S-
peptide system, although we note that this is not an evolved
folding upon binding system, so that the general principles of
association may not be the same (55). For NCBD�CID-ACTR,
low �-values were observed for intermolecular interactions,
whereas higher �-values were found for the N-terminal helix of
both NCBD and CID-ACTR. Thus, although some structure is
present at the N-terminal helices, the native hydrophobic inter-
actions form after the rate-limiting transition state (56). In con-
trast, high �-values were calculated for both the C terminus and
the N terminus of c-Myb, implying that considerable native
interactions are present in the transition state (51), perhaps
surprising given that no change in kon was seen upon increasing
residual structure (31, 50). Finally, analysis of the formation of
the spectrin tetramerization domain from two disordered pep-
tides revealed high �-values in the C terminus of helix A and the
N terminus of helix B. For helix C, tertiary �-values were higher
than for helix A and B. A mechanism was proposed whereby
preformed helix C provides a template onto which helix A and
B dock, thus allowing core contacts to form and further folding
to proceed after binding (44).

In all of these studies, a general trend of binding before fold-
ing is inferred for the coupled folding and binding reactions.
Because there are few studies so far, it is not possible to come to
a general conclusion about the mechanism of coupled folding
and binding for IDPs. It is likely, as in protein folding (57), that
there will be a spectrum of folding upon binding mechanisms,
but where the interaction is very rapid, binding before folding
seems, at present, to be most likely.

Do Folded Partner Proteins Play a Role?

Coupled folding and binding studies have tended to focus on
IDPs, with less attention paid to folded partner proteins. Nev-
ertheless, as we now describe, the studies that have been per-
formed have indicated that they may have an important role to
play. Truncations in the binding interface of the folded partner
protein Mcl-1 reduce the affinity for the IDP PUMA, due to an
increase in koff; however, an unexpected increase in kon occurs
for some residues. Although beneficial for affinity of the com-

FIGURE 3. Relationship between association and dissociation rate con-
stants and �-values for apparent two-state systems. Shown are energy
diagrams (first column), observed association rate constants under pseudo-
first order conditions (middle column), and observed dissociation rate con-
stants (third column) for wild-type IDP (blue) and mutant IDP (red). A, � � 1, i.e.
native interactions are formed in the transition state. kon is lower, and koff is
unchanged. B, 0 � � �1 structure is partially formed, resulting in changes in
both kon and koff. C, � � 0, residue is as unstructured at the transition state as
in the unbound state. kon is unchanged, and koff is increased. The rate con-
stants kon and koff are controlled by energy barrier sizes (first column), and are
determined from straight-line gradients in association mixing experiments
(second column) and from high concentration asymptotes in out-competition
dissociation mixing experiments (third column), respectively.

FIGURE 4. Illustrations of coupled folding and binding reaction transition states. �-Values are mapped onto structures of the following complexes: A,
PUMA�Mcl-1 (PDB: 2ROC) (43); B, c-Myb�CBP KIX (PDB: 1SBO) (51); C, S-peptide�S-protein (PDB: 1FEV) (55); D, ACTR�NCBD (PDB: 1KBH) (56; E, ��� spectrin
tetramerization domain (PDB: 3LBX) (44). In A, B, and C, the folded partners are shown in gray. In D and E, both partners are disordered; one is shown in gray, and
one is shown in bronze. The residues in blue, magenta, and red represent high (� � 0.6), medium (0.25 � � �0.6), and low (� � 0.25) �-values, respectively. N
and C denote the N and C termini of the IDP (note that in E the disordered regions are capped by folded domains).
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plex, these residues are effectively inhibiting association. Spa-
tial patterning of the association-inhibiting residues, together
with analysis of the NMR ensemble of free Mcl-1, suggests that
the hydrophobic binding grove of Mcl-1 undergoes a confor-
mational rearrangement while binding PUMA (43). Closing of
the grove around PUMA helps to maintain the complex.

The folded KIX domain of CBP is able to bind multiple tran-
scription factors in vivo (58), most of which are intrinsically
disordered. Several studies noted positive cooperativity be-
tween ligands binding to its two binding sites (31, 59), although
the mechanism behind the cooperativity was not initially clear.
Kinetic analysis revealed that both kon and koff were reduced
when a ligand was already bound to the alternate site, and that
the stabilization of the ternary complex was because the reduc-
tion in koff exceeded that for kon (31, 60). A similar finding was
reached independently using Gō-like molecular dynamics sim-
ulations (61). Combined with NMR data showing a stiffening of
the CBP KIX backbone upon ligand binding (62), this leads
to the suggestion that binding of one ligand to CBP KIX changes
the flexibility of the folded domain, reducing the entropic cost for
ligand binding to the alternate site (31, 61). Dynamics in the folded
CBP KIX domain are therefore an important factor that is able to
influence the binding of its IDP partners.

These two examples demonstrate the importance of structural
and dynamical changes in the folded partner protein upon ligand
(IDP) binding. Further kinetic studies will help to uncover whether
these findings are system-dependent or widespread.

Conclusions and Outlook

IDPs have emerged as an important class of proteins. Their
predicted abundance within the eukaryotic proteome has
raised several questions. What are the advantages and disad-
vantages of being disordered? Why are IDPs more prominent in
some processes than others? What is the functional rele-
vance of disorder? Answering these questions is important in
understanding IDPs at a fundamental and applied level, e.g.
protein or drug design. Studies of IDPs have revealed that the
conformational ensemble can be altered by external factors (e.g.
salts, crowders), which must be taken into account when inves-
tigating coupled folding and binding reactions (43, 44, 51, 55,
56). Although more studies are required, the few that have been
published indicate that the transition state of coupled folding
and binding reactions is relatively unstructured. Nevertheless,
residual structure appears to be an important factor that is able to
influence complex affinity by modulating association and dissoci-
ation rate constants. Due to their prominence in cell signaling,
IDPs have arisen as important biomedical targets. When com-
pared with a folded protein, IDPs typically lack accessible binding
pockets, making them more difficult to target with traditional
small molecules. Development of new therapeutic strategies
requires a thorough mechanistic understanding of coupled folding
and binding reactions. Should the target be the unbound IDP, the
partner protein, or the complex? Which rate constants should be
altered to modulate binding affinities during therapeutic develop-
ment? Through understanding the importance of electrostatics,
residual structure, transition state interactions, and partner pro-
teins, kinetic analysis can describe fundamental properties of IDPs,
as well as their coupled folding and binding interactions.
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Post-translational modifications (PTMs) produce significant
changes in the structural properties of intrinsically disordered
proteins (IDPs) by affecting their energy landscapes. PTMs can
induce a range of effects, from local stabilization or destabi-
lization of transient secondary structure to global disorder-
to-order transitions, potentially driving complete state
changes between intrinsically disordered and folded states or
dispersed monomeric and phase-separated states. Here, we
discuss diverse biological processes that are dependent on
PTM regulation of IDPs. We also present recent tools for
generating homogenously modified IDPs for studies of PTM-
mediated IDP regulatory mechanisms.

The amino acid sequences of intrinsically disordered pro-
teins or protein regions (often simply referred to as IDPs)3

determine their inability to fold into stable tertiary structures
under physiological conditions and instead enable them to rap-
idly interconvert between distinct conformations to mediate
critical biological functions (1, 2). The amino acid compositions
of IDPs range from very low complexity with little diversity in
residue types to much higher sequence complexity that enables
disorder-to-order transitions upon binding or post-transla-
tional modifications (PTMs) (3–5). This range of sequence
composition leads to heterogeneous ensembles with variable
hydrodynamic properties and fluctuating secondary and terti-
ary structure, with some IDPs able to self-associate in phase-
separated protein-dense droplets (6 –11). Structural heteroge-
neity and dynamic fluctuations endow IDPs with unique
advantages over folded proteins for certain roles (12–14). IDPs
expose, at least transiently, their entire primary sequence for
binding, enabling multiple interactions along their polypeptide
chains. This makes them hubs in protein complexes and inte-

grators in signaling networks (15–19). IDPs also facilitate the
multivalent interactions that drive phase separation, underly-
ing cellular membraneless organelles and signaling puncta
(20 –22).

Due to their accessibility to modifying enzymes, IDPs are the
predominant sites of PTMs, which significantly expands their
functional versatility (3, 23). By changing the physicochemical
properties of the primary sequence, PTMs induce a range of
structural changes, from local stabilization or destabilization of
transient secondary structure to more global conformational
changes in disorder-to-order transitions (24, 25). As the hydro-
dynamic properties of IDPs are strongly affected by electro-
static effects, PTMs that change charge (e.g. phosphorylation
and acetylation) can modulate compactness (9 –11). PTMs can
also lead to complete state changes, between disordered and
folded states (26 –28) or dispersed monomeric and phase-sep-
arated states (6, 8, 22). The scope of PTM-mediated structural
and dynamic changes described in recent biophysical and bio-
chemical studies of IDPs is similar to those due to binding to
other proteins, nucleic acids, lipids, carbohydrates, ions, cofac-
tors, and other small molecules (4, 29, 30).

Here we review the effects of PTMs on IDP structure and
function and how such effects regulate fundamental biological
processes, from PTM-mediated conformational transitions of
individual IDPs to the assembly of multi-protein complexes and
the formation of membraneless protein organelles. We begin by
presenting the diversity of PTMs and their effects on IDP struc-
ture and function and then focus on phosphorylation, one of
the most common PTMs. Because the investigation of PTM
effects on IDPs is often limited by the ability to generate homo-
geneously modified samples, we discuss recent advances in
recombinant protein expression systems and chemical synthe-
sis strategies for producing modified IDP samples. These
enable detailed biochemical and biophysical characterization
using general methods for IDPs as well as those specific for IDPs
with PTMs (4, 30, 31)

Diversifying the Structural Properties of IDPs via PTMs

Biological systems evolved multiple types of PTMs to expand
the functional diversity of proteins, particularly of IDPs (3, 32,
33). Usually, PTM involves the addition of chemical functional
groups, including phosphoryl, alkyl, glycosyl, and acyl groups,
or small proteins such as ubiquitin and SUMO. In other cases,
PTM involves modifying the chemical properties of amino
acids through oxidation, deimidation, and deamidation. These
modifications generate proteins with “new” amino acid compo-
sitions because each PTM results in novel chemical and steric
properties that do not exist in the other standard set of 20
amino acids. In contrast, PTMs such as cis-trans isomerization
of prolines, epimerization of serines, intein-based protein splic-
ing, and the cleavage of the polypeptide chain at specific sites by
proteases do not change the chemical nature of the amino acid
side chains. IDPs can have single or multiple PTMs or a com-
bination of different PTMs on the same or different amino
acids, providing many layers of complex biological regulation
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due to the additive, cooperative, or competitive responses
between these multiple modifications (34 –37). Although most
are catalyzed by specific enzymes, e.g. transferases and isomer-
ases, some PTMs, including L-aspartate isomerization and L-as-
paragine deamidation, occur spontaneously (38).

PTMs elicit diverse effects on the biological functions of IDPs
by altering the energetics of their conformational landscape
and by modulating interactions with other cellular components
(4, 31). PTMs can regulate IDP function by (i) altering their
steric, hydrophobic, or electrostatic properties due to primary
structural effects (39); (ii) stabilizing, destabilizing, or even
inducing secondary structural elements (24); and (iii) inhibit-
ing/enhancing long-range tertiary contacts between distal
motifs or PTM sites within the IDPs, or with interaction part-
ners (40). PTMs can tune all aspects of IDPs, including the
nature of the disordered ensemble (i.e. extended versus col-
lapsed), the propensity (if any) of the secondary structural ele-
ments, the types of transient intra-molecular tertiary contacts,
the (in)ability to fold into stable three-dimensional structure or
to interact with a binding partner or specific modular domains
that interact with post-translationally modified residues during
signal transduction, and the partitioning into membraneless,
phase-separated, protein-dense cellular bodies (Figs. 1 and 2).
Through these varied responses, biological signal inputs are
written onto IDPs to change their functional output.

Phosphorylation: The Prototypical PTM

To provide insights into how PTMs elicit such effects on the
structure and ultimately function of IDPs, we focus on one of
the most common PTMs, phosphorylation. At least a third of
eukaryotic proteins may be phosphorylated, and most phos-
phorylation sites are within intrinsically disordered regions

FIGURE 1. Post-translational modifications of IDPs can induce diverse structural changes. PTM-mediated structural changes within IDP ensembles and
between IDPs and folded states are shown. These conformational ensembles range from folded and molten globules to extended and collapsed disordered
ensembles (represented with six members) with and without transient or stable secondary structural elements.

FIGURE 2. IDPs can form PTM-induced phase-separated droplets in cellu-
lar organization such as membraneless organelles and signaling puncta.
A and B, PTMs can enhance the assembly or disassembly of the phase-sepa-
rated state (A) or control whether another molecule can be encapsulated into
or released from the droplet (B). C, weak multivalent interactions between
IDPs with multiple PTM sites and proteins containing multiple PTM binding
modules can also result in phase separation to form cellular bodies or signal-
ing puncta.
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(IDRs) (41– 43). Phosphorylation and dephosphorylation of
IDPs by kinases and phosphatases, respectively, provide a major
regulatory mechanism in key eukaryotic processes, e.g. control
of cell cycle, transcription, splicing, and translation. About 2%
of the human genome is dedicated to coding for over 500 pro-
tein kinases, representing the largest class of PTM enzymes. In
mammals, �90% of phosphorylation occurs on serine with
�10% on threonine or tyrosine.

Phosphorylation replaces a neutral hydroxyl (OH) group
with a tetrahedral phosphoryl group (PO4

2�) bearing two nega-
tive charges, drastically altering the steric, chemical, and elec-
trostatic properties and introducing new interaction capabili-
ties. Under physiological conditions, the double negative
charge of the phosphoryl moiety together with its large hydra-
tion shell is chemically different from the acidic amino acids
(Asp and Glu) often used as phospho-mimics (26, 44) that pos-
sess small hydration shells and only a single negative charge.
Phosphorylation provides novel possibilities for intra- and
intermolecular electrostatic interactions, including salt bridges,
via charge or hydrogen-bonding networks involving up to four
phosphoryl oxygens. Phosphorylated residues can form strong
salt bridges with the guanido moiety of arginines, which are
better able to interact with phosphoryl groups than protonated
primary amines of Lys side chains due to their rigid planar
structure and ability to form multiple H-bonds (45). The inter-
action strength depends on the proximity, orientation, and sur-
rounding environments of the phosphoryl and guanido groups,
allowing fine-tuning by the neighboring amino acid composi-
tion within the IDP. Phosphorylated residues can also interact
with helix dipoles. Phosphoserine is the most stabilizing amino
acid for �-helices when located at the Ncap, N1, N2, and N3
positions, whereas it is destabilizing in the interior or at the C
terminus of the helix (46).

Phosphorylation provides novel sites for binding to modular
phosphorylation-interaction domains, including SH2 and PTB
for pTyr-containing IDPs and 14-3-3, BRCT, FF, WW, WD40,
MH2, FHA, polo box, and IRF3 for pSer/pThr-containing IDPs
(47). The evolution of multiple, distinct structural domains for
interacting with phosphorylated residues reflects the impor-
tance and the complexity of phosphorylation-mediated pro-
tein-protein interactions in biology. Phosphorylation involves a
rich interplay between protein machineries containing kinases
(writers), phosphatases (erasers), and phosphorylation-inter-
action domains (readers) (48) with many varied biological con-
sequences. Other types of PTMs elicit similar effects, but via
different physico-chemical properties using different writers,
erasers, and readers. For example, acetylated lysine and methy-
lated arginine within IDPs can interact with bromo domain-
and tudor domain-containing proteins, respectively (49),
affecting nucleic acid binding and RNA pathways.

Regulation of IDP Function in Biology

PTMs of IDPs provide key regulatory mechanisms in diverse
biological processes, from control of cell cycle, transcription,
splicing, and translation to cellular signaling and cellular orga-
nization. Below, we present examples of PTM modulation of
IDP function by controlling the conformational transitions of
individual proteins, enabling the docking of multi-protein com-

plexes, directing subcellular localization, and forming distinct
membraneless protein bodies.

Disorder-to-folding Transitions

Although IDPs lack the ability to fold into stable three-di-
mensional structures on their own under physiological condi-
tions, many IDPs undergo some degree of folding upon ligand
binding (2, 4, 50, 51). Such disorder-to-order transitions range
from the stabilization or induction of secondary structural ele-
ments such as �-helices to the complete folding of an entire IDP
upon binding to a partner. Binding of some IDPs to different
physiological protein targets can even induce different folded
states (4, 52–55). These observations demonstrate that changes
in the surrounding physico-chemical environment can deter-
mine the ability of IDPs to fold and the nature of the fold itself.
PTMs, by altering the physical and chemical properties of IDPs,
can also provide a mechanism for partial or complete folding of
IDRs or of entire IDPs, and these transitions can be exploited
for regulating biology (Fig. 1). The reverse is also true in that
PTM of folded proteins or stable secondary structural elements
can lead to their unfolding or destabilization (27, 28). Although
there are numerous examples of structural changes upon PTMs
(56 – 60), here we describe two examples in which multi-site
phosphorylation leads to conformational switching.

The E26 transformation-specific (ETS) domain-containing
protein family is one of the largest groups of transcription fac-
tors with different members having distinct mechanisms of reg-
ulating DNA recognition by their ETS domains (61) (Fig. 3A).
The ETS domain of Ets-1 is regulated by a flanking autoinhibi-
tory module (IM) and an adjacent disordered serine-rich region
(SRR). The IM contains four �-helices (HI-1, HI-2, H4, and H5)
that pack against the ETS domain on the surface opposite to the
DNA binding interface and, upon DNA binding, IM becomes
more flexible with the entire HI-1 helix undergoing an order-
to-disorder transition (62– 65). Transient SRR interactions
with both the IM and the ETS domain repress DNA binding.
However, multiple phosphorylation of up to five sites in the
SRR, as a result of Ca2� signaling, further reduces DNA binding
by dampening the flexibility of the SRR, the ETS domain, and
the IM, resulting in an allosterically induced disorder-to-order
transition for HI-1. Physico-chemical analysis of the SRR
revealed that phosphorylation-induced autoinhibition is medi-
ated by interactions between aromatic residues and phospho-
serines, highlighting a novel intramolecular regulatory mecha-
nism involving PTMs of IDPs (66).

Another example in which PTM-mediated conformational
switching plays a critical role is that of the phosphorylation-
induced folding of 4E-BP2, which controls cap-dependent
mRNA translation initiation (Fig. 3B) (26). 4E-binding proteins
(4E-BPs) inhibit translation by binding to eukaryotic initiation
factor (eIF) 4E, which is part of the tripartite eIF4F complex
(eIF4E, eIF4G, and eIF4A) that recruits the 40S ribosome to
mRNA (67). 4E-BP binding to eIF4E prevents the assembly of
eIF4F by competing with eIF4G because they interact at an
overlapping eIF4E surface using the same YXXXXL� canonical
binding motif (68). Previous studies support the formation of an
extended, bipartite, fuzzy interaction with eIF4E, with a disor-
der-to-helix transition for the canonical binding motif (69 –72).
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Upon hierarchical multi-site phosphorylation of Thr37/Thr46,
followed by Thr70, Ser65, and Ser83, the affinity of 4E-BP2 for
eIF4E is significantly weakened, enabling eIF4G interaction and

translation initiation (73). Phosphorylation of Thr37/Thr46 of
4E-BP2 reduces the affinity for eIF4E by inducing a disorder-
to-order transition, resulting in the folding of residues Pro18–

FIGURE 3. IDP-mediated disorder-to-order transitions to regulate protein complex formation. A, top, schematic representation of Ets-1, composed of an
N-terminal protein interaction domain (PNT, gray), the transactivation domain (TAD, gray) followed by a C-terminal SRR (blue), and the IM domain (cyan)
flanking the ETS DNA binding domain (red/yellow). Lower, in the apo state, helix HI-1 of the IM domain is in dynamic equilibrium between folded and disordered
conformations (Protein Data Bank (PDB) codes 1R36 (65) and 1MDM (64), respectively). Upon multi-site phosphorylation on the SRR (blue to red circles), SRR
dynamic fluctuations are damped, enhancing transient stabilizing interactions with the ETS and IM domains, further reducing DNA binding. B, regulation of the
4E-BP2�eIF4E complex by phosphorylation of Thr37 (pT37) and Thr46 (pT46) (orange stick model) leads to folding of residues Pro18–Arg62 (blue, PDB code: 2MX4),
with further phosphorylation at Ser65, Thr70, and Ser83 stabilizing the folded state, enabling translation initiation. In the absence of eIF4E, non-phosphorylated
4E-BP2 (black) is disordered albeit with significant transient secondary structural elements (69). 4E-BP2 utilizes residues from about Tyr34 to Asp90 (green)
consisting of a helical element (red) containing the canonical binding (54YXXXXL�60) motif and a flexible secondary binding site involving 78IPGVT82 for eIF4E
(brown surface) binding. (Note: The longest observed fragment of a 4E-BP in complex with eIF4E in a crystal structure (72) is only Met49 to Ser82 (PDB code:
4UED).) This dynamic complex is represented by an ensemble of three conformers of 4E-BP2 on the surface of eIF4E.
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Arg62 of 4E-BP2 into a four-stranded �-domain that is incom-
patible with binding, whereas phosphorylation of Ser65, Thr70,
and Ser83 stabilizes that folded domain (26). The discovery of
the phosphorylation-mediated folding of 4E-BPs exemplifies
another mode of biological regulation mediated by IDP PTM.

PTMs of Histone Tails to Generate a Histone Code for
Chromatin Regulation

Another biological process modulated by PTMs of IDRs is
chromatin regulation. The fundamental building block of chro-
matin is the nucleosome core particle: �147 bases of DNA
wrapped around an octamer of two copies each of H2A, H2B,
H3, and H4 proteins. PTM of the N- and C-terminal IDRs of
histones (histone tails) is a major mechanism for regulating the
accessibility of the DNA within chromatin (74). PTM of histone
tails is a dynamic process that transduces input signals from the
cellular environment to regulate diverse genomic functions
including DNA replication, transcription, repair, and recombi-
nation. Histones undergo a diverse array of PTMs including
acetylation, methylation, ubiquitination, and sumoylation of
lysines; methylation and citrullination of arginines; phosphor-
ylation of serines, threonines, and tyrosines; and isomerization
of prolines. For instance, acetylation of histone lysine residues
neutralizes the positive charge on the lysine and produces pro-
found changes in the interaction between histones and nega-
tively charged DNA molecules (75). Acetylation and methyla-
tion can also allow the docking of protein machinery such as
chromatin remodeling complexes that contain bromo and
tudor domain interaction modules (49). Recent advances in
NMR spectroscopy enabled the atomic-level structural and
dynamic characterization of the nucleosome core particle and
its complex formation (76), paving the way for future charac-
terization of these diverse PTMs on the nucleosome. Future
research will need to elucidate crosstalk between these different
histone PTMs with respect to chromatin structure and
function.

Protein-Phospholipid Interactions

Many non-membrane proteins are tethered to phospholipid
membranes via PTM-mediated hydrophobic anchors such as
myristate, palmitate, isoprenoid, or glycosylphosphatidylinosi-
tol groups (32). These PTMs enable subcellular localization
required for specific spatiotemporally restricted function(s).
Another mechanism of protein-phospholipid interaction
involves direct lipid binding by proteins in a process that is also
regulated by PTMs. A potential synergy between these two
modes of protein-lipid interaction was recently demonstrated
for the non-receptor tyrosine kinase c-Src (Fig. 4A) (77). Src
family kinases are modular proteins consisting of a C-terminal
catalytic (Src homology 1 or SH1) domain, SH2 and SH3 inter-
action domains, and two N-terminal IDRs, a Unique domain
(UD) and an SH4 domain (78). c-Src either resides in the cyto-
plasm or is attached to phospholipid membranes via a myristate
group attached to the SH4 Gly2, a PTM necessary but not suf-
ficient for membrane anchoring. The SH4 using residues
14RRR16 and the UD using the unique lipid binding region con-
sisting of residues 60 – 67 can each bind phospholipids directly.
However, PKA phosphorylation of the SH4 Ser17 and cyclin-de-

pendent kinase phosphorylation of Ser37/Thr75 of the UD dis-
rupt such interactions (77). Therefore, multiple types of PTMs
of the N-terminal IDRs of c-Src mediate its anchoring to the
membrane, controlling how far into the cytoplasm the C-ter-
minal kinase domain can “reach.”

One of the most dramatic examples of the effect of PTMs on
IDRs in a physiological process is that of �-carboxylation of the
Gla domains of vitamin K-dependent clotting factors (Fig. 4B)
(79). The blood coagulation cascade is the hemostatic mecha-
nism that prevents loss of blood following vascular injury by
activating platelets and depositing fibrin, resulting in their
adhesion and aggregation at the site of damage. Key to the suc-
cess of this process is the sequential assembly of vitamin K-de-
pendent protease�cofactor complexes on a membrane surface
to activate another vitamin K-dependent protease (80). Each
vitamin K-dependent clotting factor (factor X, factor IX, factor
VII, prothrombin, protein C, protein S) contains an N-terminal
IDR called the Gla domain, so named because 9 –12 of its glu-
tamic acid residues are converted to �-carboxyglutamate,
which sensitizes the Gla domain to a Ca2�-induced disorder-
to-folding transition (81). Such folding endows clotting factors
with membrane surface binding properties (82). Assembly of
these enzyme�cofactor�pro-enzyme complexes on a membrane
surface enhances the catalytic activity between 5 and 6 orders of
magnitude, significantly speeding up the clotting process to
achieve the appropriate physiological response (80).

Modulation of Phase Separation

The physical partitioning of eukaryotic cells into functionally
distinct bodies and organelles provides separate environments
that allow diverse cellular processes to occur simultaneously.
Although membrane-bound organelles, e.g. the nucleus, Golgi
apparatus, and the mitochondrion, have been studied in exquis-
ite detail, the structural and dynamic properties of membrane-
less proteinaceous bodies have only begun to be characterized
(Fig. 2) (6, 22, 83). Proteinaceous organelles are diverse in num-
ber, size, and morphology, and they are present both in the
nucleus (nucleolus, nuclear speckles, Cajal bodies, histone
locus body, and promyelocytic leukemia (PML) bodies) and in
the cytosol (stress granules, P-bodies, neuronal granules, and
nuage) (8, 83). Phase-separated proteinaceous organelles can
rapidly assemble or disassemble in response to subtle changes
in the cellular environment, and they function prominently in
various RNA processes from transcription to degradation (7, 8).
The central transporting component of the nuclear pore com-
plex is another protein-dense structure created by phase sepa-
ration of nucleoporin IDRs (22). Signaling puncta are examples
of more transient cellular features dependent on phase separa-
tion, in this case relying on multivalent interactions of modular
binding domains to binding motifs within IDRs (20, 21).

Data emerging from this burgeoning field demonstrate that
multiple, transient, and weak interactions drive formation of
dynamic liquid droplets or hydrogels, relying on elements
within low complexity sequences of IDRs or domain-ligand
interactions. PTMs in the IDRs of these proteins have been
demonstrated to be an important regulatory mechanism for
modulating their phase separation properties. For example,
arginine methylation can regulate the phase separation of
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Ddx4, a major component of nuage (84) that plays a critical role
in the Piwi-interacting RNA pathway by protecting spermato-
cytes and spermatids from deleterious activities of transposable
elements (85). Ddx4 consists of a central DEAD box RNA heli-
case domain and N- and C-terminal IDRs. These Ddx4 IDRs
direct its spontaneous self-association into membraneless pro-
teinaceous organelles in HeLa cells and the isolated 250-residue

N-terminal IDR phase-separates in vitro (84). Alternating
charge blocks and an over-representation of FG/GF and
RG/GR motifs within the positively charged blocks appear to be
key to organelle formation. Phase-separated Ddx4 N terminus
excluded double-stranded DNA, but enriched single-stranded
DNA in the interior of the droplets, suggesting that the phase-
separated state has a functional role in nucleic acid biochemis-

FIGURE 4. PTM-regulated docking of IDRs onto a phospholipid membrane. A, anchoring of c-Src via SH4 and UD (77). Top, schematic representation of the
modular domains of c-Src showing the IDRs SH4 and UD (blue) as well as the SH3 and SH2 interaction domains and a C-terminal tyrosine kinase domain (gray).
In addition to the myristoyl group (green) attached to Gly2 of the SH4 domain, the SH4 domain and UD can also bind phospholipids. Phosphorylation of the SH4
at Ser17 by PKA and of the UD at Thr37/Ser75 by cyclin-dependent kinase (CDK) controls the SH4 and Unique lipid binding region (ULBR) localization to the
phospholipid membrane. B, �-carboxylation of the Gla domain enables the calcium-mediated disorder-to-folded transition of the Gla domain. Top, schematic
representation of factor IX with the Gla domain (red) followed by two tandem EGF domains and a C-terminal serine protease domain (gray). The N-terminal
Glu-rich IDR undergoes multisite �-carboxylation to form the Gla domain (Gla residues shown in stick representation, PDB code: 1CFH). Upon Ca2� binding, the
entire Gla domain folds into a four-helix bundle (calcium ions in magenta spheres, PDB codes: 1J35, 1CFI), which can bind phospholipid membranes. The Gla
domain is represented by an ensemble of three conformers each color-coded N- to C-terminal from blue to red, respectively, with the C-terminal helix
superimposed.
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try (Fig. 2B). PTM by asymmetric arginine dimethylation on
known conserved sites significantly inhibits phase separation
by lowering the phase transition temperature by 25 °C. These in
vitro data suggest that PTM is a cellular mechanism for regu-
lating nuage assembly/disassembly in response to physiological
input signals.

The phase separation that drives formation of signaling
puncta based on multivalent modular binding domain-ligand
interactions is also highly dependent on PTMs (Fig. 2C). As
indicated above, modular binding domains recognize PTMs
within IDRs, and these interactions are now implicated in phase
separation. The degree of tyrosine phosphorylation (pTyr) on
the disordered cytoplasmic tail of nephrin controls the phase
transition of the multivalent three-component nephrin�NCK�
N-WASP system. There are three potential nephrin pTyr sites
that can each interact with the single SH2 domain of NCK,
whereas the three SH3 domains of NCK can interact with the
six proline-rich motifs of N-WASP (20). Phase separation
induced by multivalent interactions of signaling proteins
results in clustering of regulatory or regulated factors to facili-
tate a specific biological process. For instance, in the presence
of the Arp2/3 complex, the phase separation of nephrin�NCK�
N-WASP assembles actin filaments (21). These examples high-
light the key roles PTM of IDRs play in regulating protein-based
cellular organization (Fig. 2).

Generating Post-translationally Modified IDP Samples
for Biochemical and Biophysical Characterization

There are many experimental tools and computational
approaches to study IDPs that are applicable to those with
PTMs as well, including some that are specific for these modi-
fied IDPs (4, 31). NMR spectroscopy, small angle x-ray scatter-
ing, fluorescence, circular dichroism, and other data can be
acquired, and a number of computational algorithms can be
used (30). However, a major impediment for rigorous quantita-
tive biochemical and biophysical structural and dynamic char-
acterization of PTM-mediated effects on IDP structure and
function is generating the large quantities of homogeneous and
site-specifically modified samples that are typically required for
such studies. To overcome these challenges requires a combi-
nation of traditional biochemistry, advanced molecular biology
approaches, as well as improvements in chemical synthesis and
semisynthetic strategies (86 – 89). Here we describe three strat-
egies for generating modified IDPs.

Expressing Post-translationally Modified IDPs Using
Recombinant DNA Technology

Advances in biochemical and molecular biology approaches
have dramatically increased the use of recombinant DNA tech-
nology to design, express, and purify IDPs that are post-trans-
lationally modified from a range of hosts including Escherichia
coli, yeast, plants, insects, or mammalian cell lines. PTMs can be
introduced after mRNA translation using modifying enzymes
either produced in a co-expression system (PTM within the
cell) or expressed separately (in vitro PTM). Due to the possible
generation of non-homogenous or nonspecific modifications
from such modifying enzymes, a second approach involving
amber codon suppression technologies allows direct introduc-

tion of the PTM during mRNA translation with an orthogonal
tRNA/aminoacyl-tRNA synthetase pair that genetically
encodes an unnatural amino acid already containing the PTM
of interest (90 –92). A more complex approach is to use an
unnatural amino acid that contains a selective chemical tag for
later incorporation of the PTM (93). Protein expression sys-
tems provide a relatively cheap and robust mechanism for gen-
erating large quantities of high fidelity samples for a variety of
peptides and proteins with homogenous PTMs, including ena-
bling isotopic labeling (15N/13C/2H) for sophisticated NMR or
mass spectrometry studies. The development of completely
recoded or re-engineered expression hosts and advances in in
vitro protein expression systems will undoubtedly facilitate our
ability to generate site-specific, homogenously modified IDP
samples in the future (94 –96).

Chemical Synthesis of Modified IDPs

One of the advantages of the chemical synthesis approach is
the ability to generate IDPs with single or multiple (identical or
otherwise) PTMs located anywhere along the polypeptide
chain (86). This strategy involves the generation of shorter pep-
tide fragments containing the PTM(s) of interest and their
assembly into full-length IDP using the native chemical ligation
(NCL) technique first introduced by Kent and co-workers (97).
NCL is a chemoselective method based on the transthioesteri-
fication of two polypeptide fragments, one with an N-terminal
cysteine and the other with a C-terminal thioester, and it allows
two fully unprotected peptide fragments to be reacted under
neutral, aqueous conditions (86, 87).

Semisynthesis: A Mélange of Chemical Synthesis and Protein
Expression

Semisynthesis approaches are the most powerful methods
for obtaining modified IDPs, as they combine the advantages of
chemical synthesis and protein expression to generate peptide
fragments for the assembly of full-length IDPs using either the
NCL or the expressed protein ligation techniques (98, 99). For
example, the N-terminal peptide fragment containing a C-ter-
minal thioester can be chemically synthesized (NCL) or
obtained via intein-based protein expression, whereas the
C-terminal fragment with an N-terminal cysteine residue can
also be chemically synthesized or expressed fused to a cleavable
tag such as SUMO. As discussed above, these fragments can be
modified with PTM(s) of interest using either chemical or bio-
chemical strategies prior to NCL or expressed protein ligation
(98).

Conclusion

The number and diversity of post-translationally modified
IDPs are astounding; over 300 distinct PTMs occur on eukary-
otic proteins, and the human proteome contains up to a million
modified peptide motifs (32, 33, 100). PTMs play extensive
roles in modulating the conformational properties and func-
tions of IDPs. However, the structural, binding, and large-scale
association effects of modified IDPs for most of these are cur-
rently unknown. State-of-the-art techniques in mass spectrom-
etry and for generating homogeneously modified IDPs will
increase the identification of PTMs of IDPs under various phys-
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iological or pathological conditions and illuminate mechanistic
details underlying their functional effects (100). Unveiling the
structural and functional consequences of modified IDPs
requires a combination of diverse disciplines ranging from
molecular biology, traditional biochemistry, and synthetic
chemistry to sophisticated biophysical approaches including
NMR. Elucidating these PTM effects will have enormous ben-
efits for expanding our understanding of complex biological
systems.
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The traditional view of the structure-function paradigm is
that a protein’s function is inextricably linked to a well defined,
three-dimensional structure, which is determined by the
protein’s primary amino acid sequence. However, it is now
accepted that a number of proteins do not adopt a unique terti-
ary structure in solution and that some degree of disorder is
required for many proteins to perform their prescribed func-
tions. In this review, we highlight how a number of protein func-
tions are facilitated by intrinsic disorder and introduce a new
protein structure taxonomy that is based on quantifiable met-
rics of a protein’s disorder.

How Do Folded Proteins Differ from Unfolded Proteins?

Proteins are dynamic biological molecules that are involved
in virtually all cellular processes (1). At physiologic tempera-
tures, proteins, like all polymers, sample a range of conforma-
tions that are a function of the macromolecular environment
and the primary amino acid sequence of the protein in question.
These considerations argue that a protein’s “structure” is best
described as a distribution over a conformational ensemble con-
sisting of its thermally accessible structures. In this sense, a
protein’s conformational ensemble is intimately linked to its
function.

Typically, proteins are characterized as being either folded or
unfolded. This classification scheme is best understood from
an analysis of the corresponding conformational ensembles.
Folded proteins have thermally accessible states that are similar
to the ensemble average, whereas unfolded (or disordered) pro-
teins sample a relatively vast array of dissimilar conformations
during their biological lifetime (2). The native state of a folded
protein corresponds to a global energy minimum that is well
separated from a panoply of high energy states. The flexibility of
a folded protein is related to the width of this minimum energy
well (Fig. 1A). Disordered proteins, by contrast, have energy

surfaces that contain many local energy minima that are sepa-
rated by low barriers (on the order of kBT), thereby ensuring
rapid transition between structurally dissimilar states during
the protein’s biological lifetime (Fig. 1B). The result is a heter-
ogeneous ensemble of thermally accessible conformations.

Although the terms folded and unfolded provide a useful
framework for everyday discourse among specialists, classifying
proteins in this way does not capture the rich and beautiful
complexity that underlies protein structure (3–5). Indeed, a
more accurate description would entail a characterization of a
protein’s conformational ensemble. The importance of this
realization is highlighted by the fact that not all folded proteins
are created equal; i.e. some “folded” ensembles are more heter-
ogeneous than others. Similarly, disordered proteins may have
ensembles that exhibit preferences for particular structural fea-
tures. These considerations reinforce the notion that quantita-
tive metrics describing the heterogeneity within a protein’s
ensemble would provide a more comprehensive assessment of
protein structure.

In a prior work, we introduced a continuous order parameter
that describes the conformational heterogeneity in a structural
ensemble using a quantitative metric of structural dissimilarity
(3). The order parameter is 0 when the root mean square devi-
ation (in terms of the Cartesian coordinates) between any two
structures in an ensemble is infinite; i.e. each structure in the
ensemble is infinitely different from every other structure. Con-
versely, the parameter is 1 when each structure in the ensemble
is identical to every other structure. Although these upper and
lower bounds are clearly theoretical, the notion is instructive.
Proteins that are disordered have values close to 0, and those
that are folded have values close to 1. Although a protein that is
classified as being disordered necessarily falls on the low end of
the disorder-order spectrum, it may very well be more ordered
than another similarly classified protein.

An Order-Structure Continuum for Describing Protein
Structure

Proteins that fall on the low end of the spectrum, by defini-
tion, sample a vast set of dissimilar structures in solution. How-
ever, such systems are not necessarily devoid of any secondary
structural preferences, and therefore are not “unstructured.”
This point is important because the nomenclature in the liter-
ature with respect to disordered proteins can be confusing. In
our view, the term “unstructured” should be used to indicate a
lack of regular secondary structure (e.g. �-helix or �-strand),
whereas the term “disordered” should indicate a high level of
conformational heterogeneity in the conformational ensemble.
The fact that proteins can be ordered and yet be devoid of hel-
ical or �-strand structure speaks to the fact that these notions
are not the same (6 – 8).

Disordered proteins can contain regions of local and/or tran-
sient residual secondary structure despite a lack of tertiary
structure. Indeed, a number of disordered proteins fold into
stable conformations upon binding their partners, and residu-
ally structured regions may act as binding sites that nucleate
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such reactions (9, 10). Hence, both the degree of order and the
amount of secondary structure propensity impact a protein’s
function.

To more fully capture the complexity inherent to a macro-
molecule that needs varying degrees of flexibility to perform its
biological function, a taxonomy is needed that goes past the
binary descriptors of folded and unfolded (3, 11–13). A quali-
tative protein taxonomy that emphasizes the importance of
both conformational plasticity and secondary structure forma-
tion in protein function is depicted in Fig. 1C. In this represen-
tation, the degree of order refers to the degree of conformational
heterogeneity; i.e. proteins with a low degree of order can adopt
a wide range of different conformations at equilibrium. The
other axes quantify the ensemble average secondary structure
content. Folded proteins are found within the high order realm
of the continuum (which lies along the z axis). In the middle of
the continuum, we find states that are typically referred to as
molten globules (14, 15). These loosely defined proteins have
more secondary structure but lack a stable tertiary fold. Near
the origin of the three-dimensional order-structure contin-
uum, we find a class of proteins that are natively disordered, the
so-called intrinsically disordered proteins (IDPs)2 (2, 16, 17).

Although the axes in this continuum are qualitative, quantita-
tive metrics have been proposed to quantify ensemble hetero-
geneity, either using atomistic representations for the struc-
tural ensemble (3, 18), or from a topological analysis of the
energy surface (19). Additionally, secondary structure content
can be computed as the percentage of amino acids in a protein
with determined or predicted secondary structure, using a vari-
ety of metrics. Such metrics form a quantitative basis for a con-
tinuous classification scheme for protein structure.

Before moving on, we note that the location of a protein on
this three-dimensional continuum has consequences for how
that protein can be studied. Experimentally determined crystal
structures of proteins correspond to an ensemble average.
Because the conformational ensemble of folded proteins (low
heterogeneity) contains structures that are similar to their aver-
age conformation, crystallographic structures of folded pro-
teins provide great insight into the structural ensemble itself,
and that protein’s function. By contrast, crystallizing a disor-
dered protein is not possible precisely because the process of
crystallization requires the protein in question to adopt similar
structures within the crystal environment (20 –22). Structural
modeling has therefore played an essential role in the study of
very disordered systems (20, 23, 24). Dynamical simulations, for
example, combined with restraints derived from NMR and/or
SAXS experiments can be used to model important structural
features of these proteins (21, 25, 26).

Moving forward, we illustrate how proteins at the far end of
the order-structure continuum accomplish a variety of differ-
ent functions. The examples presented below are by no means
intended to be all-inclusive. Nevertheless, they do describe
novel and interesting ways that proteins use disorder to accom-
plish tasks that would be difficult to perform without the con-
siderable flexibility that disorder imparts.

Colicin E9

Colicins are a class of proteins produced by some Escherichia
coli strains that provide a mechanism for bacteria to compete
against similar or related strains when limited environmental
resources are available (27, 28). After binding receptors on the
surface of the outer membrane of the target cell, colicins are
transported via specific translocators on the cell surface to the
periplasmic space (27). Colicins then promote bacterial death
either via destruction of important components of the pepti-
doglycan wall, via pore formation in the inner membrane, or by
cleaving nucleic acids in the cytoplasmic space (27). Conforma-
tional disorder plays a crucial role in ensuring efficient translo-
cation through target cell membranes.

Colicins all have a common structure consisting of an N-ter-
minal translocation domain (T), a receptor-binding domain
(R), and a C-terminal cytotoxic domain (C) (27). After binding
their cognate outer-membrane receptors, colicins recruit and
assemble a translocon, a protein complex that facilitates trans-
location through the outer membrane surface (Fig. 2). Two pro-
teins that are central components of the translocon are OmpF,

2 The abbreviations used are: IDP, intrinsically disordered protein; SAXS, small
angle x-ray scattering; TBE, TolB-binding epitope; CBP, CREB-binding pro-
tein; CREB, cAMP-response element-binding protein; NCBD, nuclear co-ac-

tivator-binding domain; IUTD, intrinsically unstructured region within the
T-domain; T-domain, translocation domain; R-domain, receptor-binding
domain; C-domain, C-terminal cytotoxic domain.

FIGURE 1. Order and structure in proteins. A and B, schematic of an energy
landscape for an ordered protein (A) and a disordered protein (B). Red tones
indicate relatively high energy conformations, and blue tones indicate low
energy conformations. C, order-structure continuum. Proteins with varying
degrees of order and secondary structure propensity are shown in their
approximate position on an order-structure continuum. Helices are shown in
red, �-strands are shown in purple, and turns and unstructured regions are
shown in green. Red, purple, and blue lines are used to indicate location along
helical content, �-strand content, and order axes in three dimensions. Protein
Data Bank (PDB) IDs left to right are: 2k3j (71), 1bh4 (72), PED Entry 9AAA (73),
1k7b (74), PED Entry 7AAA (75), 2kac (76), 2k3g (77), and 1qjp (78). PED refers
to the Protein Ensemble Database (79).
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which is found in the outer membrane, and TolB, which is
found in the periplasmic space. Therefore, proper translocon
assembly requires the extracellular protein, colicin, to recruit
proteins in the outer membrane as well as periplasmic proteins,
which are found on the other side of the outer membrane.

The role of disorder in colicin translocation has been best
studied for the colicin ColE9 (29). Although both the R-do-
mains and the C-domains of ColE9 are folded, NMR studies of
the ColE9 T-domain suggest that its 83-residue N-terminal
region is disordered and contains little to no appreciable pro-
pensity for secondary structure, findings that place this region
at the very far end of the order-structure continuum (29). The
R-domain of ColE9 forms a long coiled-coiled structure that
binds the outer-membrane receptor, BtuB, of the target cell.
When bound to BtuB, ColE9 forms an acute angle with the
bacterial outer membrane in a manner such that the disordered
region of the T-domain is projected off the outer membrane

(Fig. 2A). In this orientation, the disordered region of the T-do-
main is optimally positioned to recruit, or seek out and bind, the
translocator protein, OmpF (30).

The colicin receptor, BtuB, slowly diffuses laterally along the
outer membrane, providing ColE9 with a vehicle for its search
(31). A useful analogy is to view BtuB as a fishing boat, OmpF as
fish, the R-domain of ColE9 as a fishing rod, and the disordered
region of the T-domain as the fishing line (Fig. 2A) (32). The
disordered T-domain region provides a search radius of �300
Å, which is centered at the end of the R-domain (33), and its
rapid sampling of conformations allows ColE9 to search a much
broader surface area for OmpF than would be possible through
diffusion alone. Thus, the disordered region of the T-domain
provides the same benefits for colicin’s search for OmpF as
recasting lines provides to anglers looking for fish. Indeed, early
theoretical studies of the role of disorder in molecular recogni-
tion suggest that unfolding increases the effective capture

FIGURE 2. Roles of colicin E9’s intrinsically unstructured region within its T-domain (IUTD). In each panel, the domains of ColE9 are shown in pink tones: R,
pale pink; C, red; T, carnation pink. The immunity protein, Im9, which inhibits the cytotoxic function of ColE9 in the extracellular space, is shown in blue bound
to C. The ColE9-binding sites for OmpF are shown as black rectangles, and the binding site for TolB is shown as a green rectangle. A, after binding BtuB, the
BtuB-ColE9 complex diffuses along the membrane to locate and bind OmpF, aided by the extended search radius provided by the IUTD. A structure of BtuB
bound to the receptor domain from the similar protein ColE3 is shown to the right (PDB ID: 1ujw (80)). B, the IUTD forms an initial complex with one OmpF pore.
Side and top views of IUTD residues 2–16 bound to OmpF are shown to the right (PDB ID: 3O0e chains A, C, E, and L (33)). C, the IUTD passes further through
OmpF into the periplasm and weaves back into OmpF, binding OmpF in two pores. The TolB-binding site is now exposed to the periplasm, allowing it to bind
TolB, which in turn binds TolA, forming the translocon. The structure of the TBE bound to TolB is shown to the right (PDB ID: 2ivz chains D and H (37)).
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radius of the molecule, thereby facilitating the fast formation of
relatively weak contacts at large distances (34). Subsequent
studies suggest that unfolded proteins need fewer encounter
events (relative to folded proteins) to form stable complexes,
and that this explains the relatively fast kinetic rates associated
with disordered proteins (35). These observations argue that
inherent disorder in the T-domain helps to ensure that OmpF is
recruited quickly to ensure efficient translocation of ColE9 (36).

After binding OmpF, the T-domain must pass through the
narrow porin to reach the periplasm. OmpF is a trimer contain-
ing three identical pores small enough to allow at most a 600-Da
molecule to pass through at a time. Because of its intrinsic dis-
order, the 9-kDa disordered region of the T-domain is able to
weave through a pore of OmpF into the periplasm (Fig. 2B).
Moreover, the disordered region of the T-domain contains two
OmpF interaction sites, residues 2–18 (OBS1) and 54 – 63
(OBS2), and a TolB-binding site, residues 32– 47 (TBE), that
facilitate pore entry (33, 37). As the OmpF pores are negatively
charged, and OBS1 and OBS2 are positively charged, it has been
proposed that an electrostatic interaction drives the entry of
OBS1 into the pore and the formation of the initial complex
between OBS1 and OmpF (33). Although the subsequent steps
in pore navigation are not well understood, eventually the TBE
site finds its way into the periplasmic space and to TolB (37). In
later stages, OBS2 forms a lower affinity interaction with the
initial pore using the same binding site as OBS1 initially used
(33), and OBS1 winds back into a different pore on OmpF, likely
limiting the movement of the now periplasmic TBE (Fig. 2C)
(38).

Whether the TBE binds TolB before or after OBS1 winds
back into OmpF is not yet known. However, it has been shown
that ColE9 is more lethal to target cells when both OBS1 and
OBS2 are present, indicating that the presence of both interac-
tions with OmpF likely stabilizes the contact between the TBE
and TolB, thereby also helping to stabilize the complex between
TolA and TolB (38). Without disorder, it would not be possible
for the T-domain to thread through the porin, bind the
periplasmic protein TolB, and then re-enter the OmpF to sta-
bilize the complex. The upshot is that the disordered T-domain
helps to ensure that proteins on the periplasmic side of the
outer membrane are stabilized in a position that is optimal for
colicin translocation.

The interaction of colicin with TolA triggers the protein
motive force, which is thought to drive subsequent unfolding of
ColE9. The remaining steps of colicin C entry into the cyto-
plasm are not understood. It is clear, however, that disorder
plays a role in the initial steps of ColE9 entry, and similar path-
ways are thought to be used by related colicins for cell entry.

4E-binding Protein 2

The 4E-binding protein 2 (4E-BP2; also known as PHAS-II,
phosphorylated heat and acid stable protein regulated by insu-
lin 2 (39)) protein acts as a switch to regulate translation and is
critical for development and growth across all cell types (40).
This protein converts between an unphosphorylated state,
which inhibits translation, and a phosphorylated state, which
allows translation (41). NMR studies have shown that this 120-
residue protein is disordered in its unphosphorylated state (40).

The unphosphorylated protein binds to and inhibits the
eukaryotic initiation factor 4E, eIF4E, which is responsible for
initiating translation during cell growth (42). 4E-BP2 competes
with the scaffolding protein eIF4G for binding eIF4E; eIF4G
promotes translation by facilitating the assembly of translation
machinery, whereas 4E-BP2 inhibits translation by sterically
blocking the binding site on eIF4E for eIF4G (43). Specifically,
eIF4G and 4E-BP2 have a common 7-residue primary sequence
motif (YXXXXL�, where � represents a hydrophobic amino
acid and X represents any amino acid) that binds eIF4E (43–
45). These competing proteins bind to overlapping sites on
eIF4E, so that both cannot bind simultaneously (46, 47). Phos-
phorylation of 4E-BP2 weakens its binding affinity for eIF4E,
which leads to increased binding of eIF4G to eIF4E, and an
increased rate of translation (Fig. 3).

Analyses of NMR chemical shifts indicate that the 7-residue
eIF4E-binding site (residues 54 – 60) in unphosphorylated
4E-BP2 has transient helical structure when not bound to
eIF4E, and is flanked by two small segments that have residual
extended structure (46). Four other small regions (residues 1–5,
33–37, 86 – 89, and 96 –105) are also predicted to have transient
helicity (46). NMR heteronuclear NOEs are consistent with
these observations, as their values are higher in these regions
than expected for entirely disordered proteins, indicating tran-
sient local or tertiary structure (46). Thus, unphosphorylated
4E-BP2 has low order, but higher levels of secondary structure
than the discussed region of ColE9, placing it farther from the
origin in the helical content and �-strand content directions of
the order-structure continuum.

Upon binding eIF4E, residues 54 – 60 in 4E-BP2 fold into an
�-helix and residues 78 – 82 also form a transient interaction
with eIF4E (46). NMR studies show that the rest of 4E-BP2
remains disordered in the eIF4E-bound state, and some regions
actually become more disordered upon binding (40, 46).
Despite remaining disordered, some changes in chemical shifts
upon binding eIF4E are observed (46), and SAXS experiments
suggest that 4E-BP2 becomes more compact upon binding (48).

Extracellular signaling for phosphorylation of 4E-BP2 by cel-
lular kinases, e.g. through growth factors or mitogens, leads to a
reduction in affinity of 4E-BP2 for eIF4E (41, 42, 49). Thus,
phosphorylation disrupts eIF4E binding to 4E-BP2, thereby
allowing eIF4G to bind free eIF4E, a process that promotes
translation. 4E-BP2 is phosphorylated initially on residues
Thr37 and Thr46 and later on residues Ser65 and Thr70 (49). The
initial phosphorylation on Thr37 and Thr46 greatly weakens the
interaction between 4E-BP2 and eIFE4, and subsequent phos-
phorylation of residues Ser65, Thr70, and Ser83 further lowers
the affinity between 4E-BP2 and eIFE4 (41, 49)). Accompanying
studies suggest that 4E-BP2 forms a four-strand �-structure
upon phosphorylation of residues Thr37 and Thr46, and that
this structure is further stabilized by the phosphorylation of
Ser65, Thr70, and Thr83 (41). Residues 54 –56, which form part
of a helix when bound to eIFE4, are incorporated in one of the
�-strands, and residues 58 – 60 form a disordered loop (Fig. 3)
(41). Thus, phosphorylation of the disordered 4E-BP2 triggers
its transformation into a conformation that is unfavorable for
binding eIF4E (Fig. 3).

MINIREVIEW: Proteins on the Order-Structure Continuum

MARCH 25, 2016 • VOLUME 291 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 6709



Although many IDPs fold into a stable complex upon binding
their partners, 4E-BP2 is an example of a protein that remains
largely disordered in its bound state, and this disorder is crucial
to its function. The disorder of 4E-BP2 in both its unbound and
eIF4E-bound state allows its phosphorylation sites to remain
exposed (41, 46, 49). Phosphorylation of 4E-BP2 causes 4E-BP2
to fold into a �-structure, in which one of the �-strands involves
residues that form a helix when bound to eIFE4 (41). The
release of 4E-BP2 from eIF4E upon phosphorylation of 4E-BP2
is likely due to this conformational change, and thus phosphor-
ylation can result in the rapid release of 4E-BP2 from eIFE4,
permitting initiation of translation. In this way, the intrinsic
disorder of 4E-BP2 when bound permits it to react quickly to
hormonal signals calling for the initiation of translation.

NCBD

The nuclear co-activator-binding domain (NCBD) of the
CREB-binding protein (CBP) is a transcriptional co-activator.
This 59-residue domain within CBP (residues 2058 –2116 of
human CBP) interacts with a diverse set of proteins, including
transcription factors and various elements of the transcrip-
tional machinery (50, 51). Several experimental observations
suggest that NCBD has poorly dispersed chemical shifts and
weak long-range NOEs, features associated with a lack of stable
tertiary structure (52–54). Despite this, circular dichroism
spectra suggest that NCBD retains significant helical content
(50). Given NCBD’s high degree of native secondary structure
coupled with its lack of a stable fold, this protein has been clas-
sified as a molten globule (52, 53, 55). A number of studies,
however, suggest that the situation is likely more complex.
NCBD has a hydrophobic core that has a sigmoidal unfolding
curve in the presence of urea, and NMR relaxation data argue

that it slowly interconverts between several conformations on
the NMR time scale (54, 56). Unlike traditional IDPs that rap-
idly fluctuate between dissimilar conformations corresponding
to local energy minima separated by low barriers, NCBD sam-
ples states separated by relatively large barriers, leading to lon-
ger transition times. In our parlance, the fact that NCBD
samples distinct conformational states in solution on the milli-
second time scale places it in the low order (relative to arche-
typal folded proteins) and high structure region of the order-
structure continuum.

Two models for the hydrophobic core of NCBD have been
proposed, NCBD-1 (54) and NCBD-2 (50), where the structure
of NCBD-1 corresponds to a more highly populated conformer
in the unfolded ensemble. In both models, the NCBD core
contains three helices, whose orientations and lengths vary
depending on the identity of their binding partners (Fig. 4) (55).
NMR studies of unbound NCBD suggest that the protein fluc-
tuates on a millisecond time scale between two conformational
states, including a dominant state similar to conformation
NCBD-1, in which helices 1 and 2 form contacts, and a less
prevalent state in which this contact is replaced by interactions
between helix 1 and 3, more similar to the conformation bound
to interferon regulatory factor 3 (IRF-3) (56, 57) (Fig. 4). Molec-
ular dynamics simulations of the unbound state have shown
that NCBD samples a wide variety of conformations character-
ized by different orientations and lengths of its helices (58, 59).
Long time-scale simulations indicated that NCBD samples
conformations similar to each known bound structure at low
rates. These simulations argue that the IRF-3 bound conforma-
tion is only rarely accessible from the unbound state, indicating
that the presence of that binding partner may be necessary for

FIGURE 3. The 4E-BP2 protein (green, with the primary eIF4E-binding site shown in violet) is disordered in its unphosphorylated, unbound state. Upon
binding eIF4E (shown in white), its primary binding site adopts a helical conformation, but the remaining residues remain largely disordered and exposed for
phosphorylation (PDB ID: 3am7, 4E-BP2 residues 47– 65). Phosphorylation of 4E-BP2 causes it to fold into a binding-incompetent �-strand structure (PDB ID:
2mx4, 4E-BP2 residues 47– 62 (41)). The disordered ensemble was generated with Mollack with chemical shift data from Biological Magnetic Resonance Bank
(BMRB) 19114 for non-phosphorylated 4E-BP2 residues 1–120 with an N-terminal MPLGSPEF tag (46).
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NCBD to sample that state (58). A separate molecular dynamics
simulation study of NCBD binding to its interaction domain on
the human activator for thyroid hormone and retinoid recep-
tors protein (ACTR) or IRF-3 indicated that NCBD samples its
bound conformation for each of these partners much more
readily in the presence of that partner than in its absence (59).

NCBD is a hub domain of CBP that interacts with many bind-
ing partners, and is known to bind different partners using dif-
ferent arrangements of its helices (Fig. 4). Overall, the ability of
NCBD to sample different helical lengths and orientations
enables it to bind a repertoire of distinct binding partners. The
intrinsic low order facilitates these interactions, and its high
secondary structure content ensures that it does not incur the
significant entropic losses that are associated with having to
adopt a folded state upon binding.

Conclusion

Our understanding of protein disorder and the role that it
plays in protein function has blossomed over the past several
decades. Knowledge of the ways in which disorder can add to
the rich complexity of proteins has evolved for a number of
proteins, and the growth of research in this area ensures that
the rate of progress in this burgeoning field will only increase. In
this minireview, we have attempted to highlight a few examples

that illustrate how disorder can expand the repertoire of pro-
tein functions.

In addition to playing an important role in many biochemical
processes, disordered proteins have been implicated in a num-
ber of diseases, both as pathogens and as chaperones (60 – 66).
Thus, a better understanding of these proteins may provide a
platform for the engineering of novel therapeutic agents (67,
68). More generally, an improved understanding of the rela-
tionship between a protein’s primary sequence and its struc-
tural ensemble is essential for the design of novel proteins that
could be used in technology and medicine. A crucial step in this
direction involves an expansion in methods for studying the
energetic landscape of proteins. Recent adaptions to crystallog-
raphy and NMR are providing insight into partially stable
molecular states, thus providing new glimpses into protein
ensembles, albeit for proteins that lie in the more ordered
region of the continuum (69, 70).

Our discussion has been framed within the context of an
order-structure continuum for protein structure classification.
In doing so, we strive to reinforce the realization that a binary
classification of proteins as either “folded” or “unfolded” does
not capture the wide variety of flexible architectures available to
proteins (4, 5, 13). Our order-structure continuum provides a
qualitative overview of the varying degree of order and second-
ary structure content among proteins, and here we have dis-
cussed examples of functions carried out by proteins that have
varying degrees of order and secondary structure. Going for-
ward, experimental methods to quantify the amount of disor-
der in a protein, especially under various physiological condi-
tions, would lead to a better classification system, provide
important grounds for insight into how a protein’s flexibility
enables its function, and guide the design of further experi-
ments to study that protein’s conformational ensemble. Over-
all, the ability to relate a protein’s sequence to its conforma-
tional ensemble and its range of functions would enable
exciting advances in biomedicine and bioengineering.
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The transcriptional coactivators CREB-binding protein
(CBP) and p300 undergo a particularly rich set of interactions
with disordered and partly ordered partners, as a part of their
ubiquitous role in facilitating transcription of genes. CBP and
p300 contain a number of small structured domains that pro-
vide scaffolds for the interaction of disordered transactivation
domains from a wide variety of partners, including p53, hypoxia-
inducible factor 1� (HIF-1�), NF-�B, and STAT proteins,
and are the targets for the interactions of disordered viral
proteins that compete with cellular factors to disrupt signal-
ing and subvert the cell cycle. The functional diversity of the
CBP/p300 interactome provides an excellent example of the
power of intrinsic disorder to facilitate the complexity of liv-
ing systems.

Intrinsically disordered proteins (IDPs)3 and protein regions
(IDRs) are highly abundant in eukaryotic transcription factors
(1, 2) and perform critical functions in regulation of the tran-
scriptional machinery (3–5). The intrinsic lack of structure in
IDPs and IDRs provides functional advantages that make them
ideally suited to mediate transcriptional regulatory processes.
These include (i) the presence of small recognition motifs that
fold upon binding, (ii) the flexibility to interact with multiple
targets, (iii) accessible sites for post-translational modification
(enables IDPs to function as molecular switches and rheostats),
(iv) efficient utilization of a small number of residues to mediate
binding interactions, and (v) the ability to bind with high spec-
ificity but modest affinity (an important attribute that could

facilitate spontaneous dissociation or displacement after sig-
naling is complete) (5–11).

The present review focuses on the interactions of the tran-
scriptional coactivator CREB-binding protein (CBP), and its
paralog p300, to illustrate the diverse functions of protein dis-
order in the regulation of gene expression. CBP and p300 are
central nodes in eukaryotic transcriptional regulatory networks
(12). They interact with more than 400 transcription factors
and other regulatory proteins (13), which must compete for
binding to the limiting amounts of CBP/p300 present in the cell
(14, 15). CBP and p300 regulate crosstalk and interference
between numerous cellular signaling pathways, and are
targeted by tumor viruses to hijack the cellular regulatory
machinery.

CBP and p300 are large proteins that contain seven folded
domains (Fig. 1). The regions outside these globular domains,
containing more than 1400 amino acids (nearly 60% of the
sequence), are predicted to be intrinsically disordered. In addi-
tion, the histone acetyltransferase domain (HAT) domain con-
tains an �60-residue, disordered, autoinhibitory loop that reg-
ulates acetyltransferase activity (16). The nuclear coactivator
binding domain (NCBD, also called the IRF-3 binding domain,
IBiD (17)) has the properties of a molten globule in its unbound
state, but folds upon binding to its protein targets (18). The
TAZ1, TAZ2, KIX, and NCBD domains form the interaction
sites for intrinsically disordered activation domains of cellular
transcription factors and other regulatory proteins and are also
targeted by viral oncoproteins. Structures have been deter-
mined for all of the globular domains of CBP or p300, either free
or bound to protein ligands. A graphic structural model for
full-length CBP/p300 is shown in Fig. 1B.

Role of Disordered, Flexible Linkers in Promoter
Recognition

CBP and p300 have been found at the promoters of more
than 16,000 human genes (19). Smith et al. (20) suggested that
CBP and p300 are “molecular interpreters that can parse and/or
conjugate the regulatory words, phrases, and sentences of the
genome.” Their ability to perform this function derives from
two attributes: promiscuous interactions with the disordered
transactivation domains of hundreds of cellular transcription
factors, and the presence of long, intrinsically disordered
regions between the various CBP/p300 interaction domains.
These attributes impart to CBP and p300 the flexibility to bind
diverse arrays of transcription factors at promoters of variable
architecture and with different spacing between binding sites,
thereby “reading” the language encoded in these gene regula-
tory sequences (Fig. 2).

Although the overall “structure” of CBP/p300 is unknown,
intrinsic flexibility is suggested by a recent cryo-EM analysis of
a complex formed between DNA-bound estrogen receptor, the
steroid receptor coactivator SRC-3, and full-length p300 (21).
Free p300 is somewhat compacted, and there are changes in the
overall conformation upon binding to estrogen receptor and
SRC-3.
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TAZ1 Interactions

The TAZ1 and TAZ2 (transcriptional adapter zinc finger
(22)) domains share the same fold, a bundle of four helices (des-
ignated �1–�4) stabilized by three zinc atoms (23, 24). The TAZ
domains are selective in their interactions and bind different
subsets of intrinsically disordered regulatory motifs.

The TAZ1 domain mediates transcription of genes involved
in regulation of the hypoxic response, the immune and inflam-
matory response, and cellular proliferation and survival. IDRs
that bind with high affinity to TAZ1 tend to be relatively long,
with multiple amphipathic regions that make extensive hydro-
phobic contacts in a deep binding groove (25). These contacts
are complemented by electrostatic interactions between acidic
residues in the ligand and positively charged side chains on the
surface of TAZ1. Structures have been determined for the com-
plexes of TAZ1 with the intrinsically disordered transactivation
domains of hypoxia-inducible factor 1� (HIF-1�) (26, 27),
CITED2 (28, 29), STAT2 (25), and NF-�B (30). Apart from a
conserved LP(Q/E)L motif in HIF-1� and CITED2, there is no
sequence conservation between these activation domains, all of
which bind in the hydrophobic groove and wrap almost entirely
around TAZ1. Although all four activation domains fold upon
binding to form local elements of helical structure, there is little
similarity in their locations on the TAZ1 surface (Fig. 3, A and
B). The structure of the bound state is determined by the amino
acid sequences of the amphipathic regions, the distribution of
these regions in each IDR, and the physicochemical character-

istics of their interactions with the TAZ1 hydrophobic groove
and surrounding electrostatic charge. The lack of directionality
in the binding pose of the different activation domains, as well
as the fact that any given region of TAZ1 may bind different
secondary structures, demonstrates the promiscuous nature of
TAZ1 recognition.

Competition between transcription factors for binding to
TAZ1 plays an important role in cellular regulation. For exam-
ple, HIF-1� and CITED2 compete for binding to TAZ1 in a
negative feedback circuit that attenuates the hypoxic response
(28, 29, 31). Crosstalk between the HIF-1� and p53 pathways
also occurs through competition for binding to TAZ1 (32).

TAZ2 Interactions

The TAZ2 domain binds promiscuously to IDRs from
numerous cellular regulatory proteins. Unlike TAZ1, interac-
tions with the TAZ2 domain are mostly localized to a hydro-
phobic binding surface at the interface of the �1, �2, and �3
helices. This surface functions as a docking site for intrinsically
disordered activation domains, which adopt helical structure
upon binding to TAZ2 (Fig. 3C). The promiscuity of this bind-
ing site has resulted in some potentially misleading interactions
in x-ray structures. In the crystal structure of free TAZ2, a
C-terminal extension of the �4 helix extends beyond the glob-
ular core and docks to the hydrophobic surface on a neighbor-
ing molecule in the crystal lattice, mimicking the interactions of
TAZ2 with the amphipathic helices of regulatory IDRs (33).
The long �4 helix observed in the x-ray structure appears to be
stabilized by lattice contacts. The helices formed by the isolated
AD1 motif of the intrinsically disordered N-terminal activation
domain of p53 and by the activation domain of transcription
factor E2� bind to the same region of TAZ2, but in opposite
orientations (34). The isolated AD2 motif of p53 binds in a
partly helical conformation to a different region of the TAZ2
hydrophobic surface (35). The STAT1 activation domain uti-
lizes a similar binding site but forms supplementary interac-
tions on the surface formed by helices �3 and �4 of TAZ2 (25)
(Fig. 3C). It is of note that STAT1 and the p53 AD2 share a
common sequence motif (25) yet differ significantly in their
interactions with TAZ2. The bipartite activation domain of
C/EBP binds in a similar mode to STAT1, with helices docked
to the primary �1, �2, �3 surface and also to the secondary �3, �4
site (36). However, the longer of the two C/EBP helices is dis-
placed relative to that of STAT1 (Fig. 3C); this displacement
may well be an artifact of crystallization, because the C/EBP
IDR was engineered into the �4 helix of TAZ2 to promote crys-
tallization and makes numerous contacts with neighboring
molecules in the crystal lattice (36).

Numerous promoter-bound transcription factors activate
transcription by recruiting CBP/p300 through interactions
with TAZ2 (12). Binding to TAZ2 also brings the transcription
factor close to the HAT domain, providing an additional level of
regulation through acetylation-mediated mechanisms (37).

KIX Interactions

The CBP/p300 KIX domain is the primary interaction site for
numerous cellular transcription factors that function in
hematopoietic differentiation: CREB, c-Myb, MLL (mixed

FIGURE 1. Domain arrangement of CBP/p300. A, schematic diagram of the
domain structure of CBP showing binding sites of proteins that are men-
tioned in this review. NRID, nuclear receptor interaction domain (disordered
in the free state); TAZ1 and TAZ2, transcriptional adapter zinc binding motifs;
KIX, partner of KID of CREB; CRD1, cyclin-dependent kinase inhibitor-reactive
domain (disordered in the free state); BRD, bromodomain; CH2, cysteine-his-
tidine-rich domain 2, incorporating a PHD domain and a RING finger domain
(TAZ1 and ZZ-TAZ2 are sometimes termed CH1 and CH3 respectively); HAT,
histone acetyltransferase domain, including a disordered regulatory loop; ZZ,
dystrophin-like small zinc binding domain; NCBD, nuclear receptor coactiva-
tor binding domain, also called IBiD (molten globule in the free state). Box
sizes correspond approximately to the lengths of the amino acid sequences
belonging to each region. B, schematic representation of the overall structure
of CBP/p300, incorporating the domain structures obtained by NMR for the
CBP TAZ1 (24), KIX (4), ZZ (100), TAZ2 (23), and NCBD (18), as well as the x-ray
crystal structure of the combined BRD, CH2, and HAT domains of p300 (62).
Gray spheres in the TAZ1, CH2, ZZ, and TAZ2 structures represent Zn2�. SUMO,
small ubiquitin-like modifier; pCREB, phosphorylated CREB.
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lineage leukemia protein), c-Jun, E2A, and FOXO3, among
many others. Some hematopoietic transcription factors
compete for binding to the same surface of KIX (e.g. CREB
and Myb (38, 39)) or bind synergistically to different surfaces
of the KIX domain (e.g. MLL and Myb, MLL, and CREB (40,
41)). Because KIX is a central hub for interactions with
hematopoietic transcription factors, it is likely to perform a
key function in integrating and regulating crosstalk between
different signaling pathways.

KIX is a small domain, comprising three �- and two 310-heli-
ces (4), that utilizes two distinct binding surfaces (Fig. 4). The
intrinsically disordered activation domains of CREB and c-Myb
fold into helical conformations and bind in a shallow hydropho-

bic groove in the �1-�3 surface of KIX (4, 42) (Fig. 4A). The
kinase-inducible activation domain of CREB (KID), phosphor-
ylated at Ser133 (pKID), forms a pair of orthogonal helices upon
binding to KIX, with the C-terminal helix (�B) dominating the
binding interaction. c-Myb forms a slightly bent helix that
binds in the same site as the pKID�B helix. The MLL activation
domain binds in a helical conformation on the opposite face of
KIX, in a hydrophobic groove formed by the �2, �3, and 310
helices (43) (Fig. 4B). MLL and Myb, or MLL and pKID, can
bind simultaneously and cooperatively to KIX to form a ternary
complex, resulting in allosteric enhancement of the binding
affinity (40, 41). Binding cooperativity has been attributed to
stabilization and decrease in dynamics in local regions of the

FIGURE 2. Schematic representation of the interactions of CBP/p300 domains with arrays of different transcription factors assembled at promoters
for transcription of different genes. The ability of CBP and p300 to broker transcriptional coactivation at many different promoters is mediated both by the
long disordered regions linking the structured interaction domains and by the promiscuous affinity of those domains for disordered transactivation domains
of many gene-specific transcription factors.

FIGURE 3. TAZ domain structures. A, surface representation of TAZ1, colored according to electrostatic potential (blue, positive; red, negative), in complex with
the activation domain of CITED2 (green ribbon) (29). B, superposition of the structures of the activation domains of HIF-1� (26), CITED2 (29), STAT2 (25), and RelA
(30). The structures are superimposed on a best fit of the TAZ1 domains, which are omitted for clarity. The portions of each partner protein are shown as follows:
HIF-1� (Protein Data Bank (PDB) 1L8C; residues 776 – 826; red); CITED2 (1R8U; 220 –260; green); STAT2 (2KA4; 788 – 838; cyan); and RelA (2LWW; 431– 484; blue).
The N and C termini of each construct are indicated. C, structures of IDRs bound to TAZ2. Superposition of the structures of TAZ2 in complex with STAT1 (PDB
2KA6 (25); residues 723–750; green); C/EBP (3T92 (36); 37–59; blue); p53 AD1 (2K8F (34); 14 –29; orange); p53 AD2 (2MZD (35); 43–56; magenta); and ETAD1
(2MH0; 11–29; red) is shown. The yellow ribbon is derived from the x-ray crystal structure of free TAZ2 (3IO2 (33)), and shows the extended �4 helix of a
neighboring TAZ2 molecule (residues 1834 –1819) in the crystal lattice. Structures were aligned on a best fit of the TAZ2 domains; the gray surface shows the
TAZ2 structure from the STAT1 complex (PDB 2KA6 (25)).
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KIX structure upon binding of MLL (43– 45), resulting in a
decrease in the dissociation rates of both activation domains
(46).

The complexes described in the preceding paragraph each
involve interactions between KIX and an amphipathic binding
motif (�XX��, where � is a bulky hydrophobic residue)
located within an intrinsically disordered region of the tran-
scriptional activation domain. The �XX�� motif interacts
promiscuously with both the c-Myb/pKID and MLL binding
surfaces of KIX; specificity is imparted by flanking residues (47).
For example, although the pKID and c-Myb activation domains
bind preferentially to their cognate high affinity site on the
�1-�3 surface of KIX, both domains also bind with lower affin-
ity to the MLL site (48); conversely, MLL binds tightly in its
cognate site and weakly in the c-Myb site (49). Activation
domains with bipartite interaction motifs can potentially bind
simultaneously to both KIX sites. The disordered activation
domain of FOXO3a, a transcription factor that regulates cell
differentiation, survival, and apoptosis genes, contains two
amphipathic interaction motifs (CR2 and CR3) that bind syn-
ergistically to KIX (50). The bipartite FOXO3a activation
domain makes promiscuous multivalent interactions with KIX.
The complex is heterogeneous, adopting two equally populated
conformational states with helical structure in the CR2 and
CR3 motifs. In one conformer, the CR2 helix binds in the c-Myb
site and CR3 occupies the MLL site, whereas in the second
conformer, CR2 is in the MLL site and CR3 occupies the c-Myb
site. The bipartite N-terminal transactivation domain of p53
also forms a heterogeneous complex on binding to KIX (51).
The AD1 and AD2 regions of p53, which contain �XX��
motifs that fold into helices on the surface of KIX, bind simul-
taneously and synergistically to the MLL and c-Myb sites,
thereby enhancing the binding affinity. Similar to FOXO3a, the
p53 AD1 and AD2 helices each interact with both the MLL and
c-Myb binding surfaces. However, in contrast to FOXO3a, each
of the p53 helices binds in each site in alternate conformations,
which differ by an �180° rotation of the helix axis (51). Some
level of disorder is frequently retained in the interface between
IDPs and their target proteins, a property that is referred to as
“fuzziness” (52, 53).

NCBD Interactions

In the absence of binding partners, the NCBD, also known as
the IBiD, has the properties of a molten globule, with substan-
tial helical structure (18). Upon binding to its physiological
partners, the NCBD folds to form a bundle of three helices that
differ in their topological arrangements in complexes with
intrinsically disordered targets, such as the p160 nuclear coacti-
vators ACTR (coactivator for thyroid and retinoid receptors)
and SRC-1 and the p53 activation domain (18, 54, 55), and in
the complex with the stably folded interferon regulatory factor
IRF-3 (56). Detailed NMR and computational studies suggest
that in the unbound state, the NCBD is flexible and fluctuates
over an ensemble of conformations that includes both the
ACTR/SRC-1-bound conformation and the IRF-3-bound con-
formation (57– 61). The inherent flexibility of the NCBD and its
ability to sample a number of conformational states in the
unbound state are likely of functional importance in allowing it
to fold into different structures upon binding to different phys-
iological targets.

The Bromodomain

CBP and p300 contain a bromodomain fused to a novel zinc
binding domain that contains both RING and plant homeodo-
main (PHD) fingers (62, 63). In common with other bromodo-
mains, the CBP/p300 bromodomain recognizes acetyl-lysine
residues in histone tails and in transcription factor IDRs includ-
ing those of p53 and CREB (64).

Mechanisms of Coupled Folding and Binding

CBP/p300 has been a paradigm for detailed studies, using
NMR, stopped flow kinetics, and molecular simulations, of the
mechanism by which intrinsically disordered proteins fold
upon binding to their targets. NMR provides unique atomic
resolution insights into the mechanisms by which intrinsically
disordered proteins bind to a folded protein target. The addi-
tion of an IDP to an isotopically labeled ordered protein target
allows rapid and accurate identification of the binding site on
the target, using chemical shift mapping (65). Analysis of NMR
relaxation dispersion profiles for the isotopically labeled IDP in
the presence of unlabeled binding partner provides a compre-
hensive picture of the kinetics and mechanism of binding and
folding (66, 67). Two extreme mechanisms can be envisaged:
conformational selection and induced fit. In the conforma-
tional selection mechanism, the target protein “selects” a con-
formation that closely approximates that of the bound form
from the ensemble of conformations populated by the unbound
IDP; i.e. folding of the IDP occurs before binding. In the
induced-fit mechanism, the IDP associates with its binding
partner in a fully disordered or incorrectly folded state and folds
in association with the target protein; i.e. folding after binding
to the target. The binding of IDPs to the KIX domain provides
examples of both of these types of interaction. However, it
should be noted that IDP binding processes rarely occur by
pure conformational selection or induced-fit mechanisms, and
most interactions involve some combination of the two pro-
cesses; it is to be expected that some structural rearrangement
will be necessary even when a preformed structural motif in an
IDP binds to its target.

FIGURE 4. KIX complexes. A, superimposed structures of binary complexes of
KIX with pKID (1KDX (4)) and c-Myb (1SB0 (42)). The backbone of KIX in com-
plex with pKID (yellow) is colored dark blue, and the KIX backbone in complex
with c-Myb (red) is colored light blue. B, superimposed structures of the KIX-
c-Myb binary complex (KIX, yellow; c-Myb, pink; 1SB0 (42)) with the ternary
complex KIX-c-Myb-MLL (KIX, light blue; c-Myb, red; MLL, green; 2AGH (43)).
Allosteric changes in the ternary complex (a loop movement and the exten-
sion of the C-terminal helix) are shown in dark blue.
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Induced-fit Binding of pKID to KIX

In the unbound state, the �B helix of pKID is fully unstruc-
tured, whereas the �A helix spontaneously forms �50% popu-
lation of helix (68). Using NMR and 15N relaxation dispersion
measurements with 15N-labeled pKID, Sugase et al. (66)
showed that binding of pKID to KIX occurs by an induced-fit
mechanism, forming an intermediate in which pKID is docked
to the surface of KIX in a partly folded state. The �A helix of
pKID is fully folded in the intermediate state, whereas the �B
region is only partially structured in the intermediate and folds
to form stable helical structure only after pKID has docked to
the surface of KIX. The weak propensity of the �B region of
pKID to spontaneously fold into helix may impose a barrier to
folding, such that stabilization of the �B helix requires forma-
tion of favorable intermolecular interactions after docking to
KIX (48). Molecular simulations were able to capture the prin-
cipal features of the experimental binding and folding pathway,
providing molecular level insights into the ensemble of inter-
mediate states formed by the partially folded �B helix (69, 70).

Elements of Conformational Selection: The c-Myb-KIX
Complex

The c-Myb activation domain occupies the same binding site
as the �B helix of pKID, forming a long amphipathic helix with
a distinct bend that positions the side chain of Leu302 in a deep
hydrophobic pocket in the surface of KIX and effectively breaks
the helix into N- and C-terminal halves (42, 43). The free c-Myb
activation domain is dynamically disordered, fluctuating
between helical and more extended conformational states. The
N-terminal half spontaneously forms helical structure (�70%
population) in aqueous solution, whereas the C-terminal region
has a much weaker propensity to form helix in the absence of
binding (48). Stopped-flow kinetics and NMR relaxation dis-
persion measurements show that the c-Myb activation domain
binds to KIX in an extremely fast two-state process, without
formation of observable intermediates (48, 71, 72). The N-ter-
minal region, which has strong propensity for spontaneous
helix formation, binds by the conformational selection mecha-
nism, as evidenced by the correlation observed (48) between the
population of helix in a series of mutants and the association
rates reported by Giri et al. (73). In contrast, folding of the
C-terminal region of the c-Myb peptide occurs after binding to
KIX, by an induced-fit mechanism. Thus, the binding mecha-
nism of c-Myb is complex and involves elements of both con-
formational selection and induced fit. A similar mechanism has
been observed for binding of the intrinsically disordered ACTR
to the NCBD of CBP; the N-terminal helix of ACTR folds
rapidly and binding involves conformational selection (74),
whereas other regions of ACTR fold by a slower, induced-fit
process following the initial binding event (75).

The differences in the propensities of the disordered pKID
and c-Myb activation domains to fold spontaneously into heli-
cal structure appear to be related to their functions and may be,
at least in part, determinants of the folding rate and binding
mechanism (48). CREB is an inducible transcriptional activator
that must be phosphorylated at Ser133 in the KID to bind with
high affinity to the KIX domain of CBP/p300 (76, 77). The high

degree of disorder of the �B region in the unbound state and its
limited propensity to form helical structure are expected to
facilitate binding, in an extended conformation, to the active
site of protein kinase A (39). In turn, this imposes a barrier to
folding of the �B helix on association with KIX, such that devel-
opment and stabilization of helical structure in the �B region
occur slowly, after the initial binding event (66). In contrast,
c-Myb is a constitutive transcriptional activator. No post-trans-
lational modifications of the c-Myb activation domain are
needed for interaction with KIX, and the strong propensity for
spontaneous helix formation may be beneficial for promoting
rapid, high affinity binding to CBP/p300 and other target
proteins.

The KIX association mechanisms for the pKID and c-Myb
peptides show significant differences, despite binding to an
identical site on KIX. Clearly, the characteristics of the IDP
itself, its sequence, charge, and population of transiently struc-
tured states in the conformational ensemble, play a role in
determining the binding kinetics and mechanism. It seems
likely that the coupled binding and folding processes of all but
the simplest IDPs will occur by complex multi-step mecha-
nisms, certainly for those IDPs that interact through more than
one binding motif (78). In the case of pKID and c-Myb, it
appears that the intrinsic secondary structure propensities of
the IDP play an important part in determining the binding
mechanism (48), but much experimental and theoretical work
will be required before the principles governing folding and
binding are sufficiently well defined that mechanisms can be
predicted.

The Tumor Suppressor p53 as a Promiscuous Multivalent
Regulator

The intrinsically disordered N-terminal transcriptional acti-
vation of p53 binds with varying affinities to four domains of
CBP/p300 (TAZ1, TAZ2, KIX, and NCBD), raising the possi-
bility of multivalent binding where each activation domain of
the p53 tetramer interacts with a different domain of CBP/
p300, thereby increasing the binding avidity (79, 80). The p53
activation domain is bipartite, with two amphipathic interac-
tion motifs (termed AD1 and AD2) that can bind synergistically
to a single target protein or bind simultaneously to two different
targets to form a ternary complex. Binding to the CBP/p300
domains is dominated by interactions with AD2, whereas inter-
actions with the p53 binding domain of the ubiquitin ligase
Mdm2 are dominated by AD1. In unstressed cells, p53 can bind
simultaneously to both Mdm2 and CBP/p300 to form a ternary
complex that promotes polyubiquitination and degradation of
p53 (80). Following genotoxic stress, multisite phosphorylation
of the disordered p53 activation domain weakens binding to
Mdm2 and enhances binding to CBP/p300, resulting in stabili-
zation of p53, acetylation of the disordered C-terminal regula-
tory region, and transcriptional activation (80, 81). Phosphoryl-
ation at Thr18 functions as a simple switch to control binding to
Mdm2. Binding to CBP/p300 is determined by the extent of
phosphorylation, with successive phosphorylation events func-
tioning as a rheostat to progressively enhance the binding affin-
ity for the TAZ1, TAZ2, and KIX domains (82). The complex
interplay of interactions between CBP/p300, Mdm2, and p53 is
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made possible by the characteristics of the intrinsically disor-
dered, bipartite activation domain of p53, which facilitates pro-
miscuous interactions with binding partners and dynamically
exposes serine and threonine residues for phosphorylation by
stress response kinases.

Viral IDPs Compete with Cellular Proteins for CBP/p300
Binding

Intrinsically disordered proteins are highly abundant in viral
proteomes (83) and are utilized by viruses to mimic cellular IDR
motifs and as hubs or scaffolds to rewire cellular signaling net-
works (11, 84, 85). Given the role that CBP and p300 play in the
regulation of critical cellular signaling and transcriptional net-
works, it is perhaps not surprising that they are targeted by
numerous viral proteins (12, 86). These include oncoproteins
encoded by DNA tumor viruses (adenovirus E1A, human pap-
illomavirus E7, and simian virus SV40 large T antigen), Tax and
HBZ (HTLV-1 b-zip factor) encoded by the human T-cell leu-
kemia virus HTLV-1, and the Tat protein of HIV-1.

Adenovirus E1A mediates cell transformation by activating
viral gene expression and deregulating the host cell cycle and
forcing S-phase entry (87). E1A functions as an intrinsically
disordered molecular hub that can bind to diverse cellular pro-
teins and subvert the host cell regulatory machinery (88). E1A
binds tightly to the TAZ2 domain of CBP/p300, with conserved
region 1 (CR1) occupying the �1, �2, �3 surface binding surface
that is utilized by cellular IDRs (89). The N-terminal region of
E1A makes additional, disordered (“fuzzy”) contacts with the
�3, �4 surface that increase the binding affinity (89, 90). E1A
binds much more tightly to TAZ2 than do cellular transcription
factors (e.g. E1A binds with Kd �2 nM (90), whereas p53 activa-
tion domain binds with Kd � 26 nM (80) and STAT1 binds with
Kd �50 nM (25)), allowing it to compete efficiently for CBP/
p300, hijack the transcriptional machinery, and inhibit p53-
mediated cell cycle arrest.

The intrinsically disordered N-terminal half (residues 1-
140) of E1A contains four binding motifs, which function syn-
ergistically in their interactions with cellular proteins (90).
Interactions at these sites are allosteric and display either pos-
itive or negative cooperativity (90). The disorder in this region
provides E1A with the flexibility to target multiple cellular pro-
teins and organize them into higher order complexes (89, 90).
In particular, E1A is able to recruit CBP/p300 and the retino-
blastoma protein pRb into a ternary complex that promotes
acetylation and degradation of pRb and loss of cell cycle control
(89).

The human papillomavirus (HPV) E7 protein encoded by
strains with a high risk of promoting cancerous transformation
employs a mechanism similar to that used by E1A to deregulate
the host cell cycle. The CR1 and CR2 regions of E7 are intrinsi-
cally disordered (91, 92), whereas CR3 is a zinc binding domain
that mediates formation of a homodimer (93, 94). The disor-
dered CR1 and CR2 regions of E7 from high risk HPV16 bind
with high affinity to the TAZ2 domain of CBP (95). Although
the TAZ2 binding site overlaps the binding site for pRb, the
full-length E7 dimer functions as a scaffold to recruit TAZ2 and
the pRb pocket domains into a ternary complex. By bringing the
CBP/p300 HAT domain into proximity to pRb, the E7 dimer

stimulates acetylation and subsequent degradation of pRb, and
drives S phase entry and deregulation of the host cell cycle (95).
In contrast, E7 from the low risk strain HPV6b binds TAZ2 with
much lower affinity than high risk HPV16 E7. This would
impair the ability of HPV6b to suppress p53-mediated tran-
scriptional programs and disfavor formation of a ternary com-
plex with CBP/p300 and pRb (95).

The HTLV-1 Tax and HBZ proteins, as well as the HIV-1 Tat
protein, recruit CBP/p300 to viral promoters to activate tran-
scription of viral genes. All three proteins utilize intrinsically
disordered interaction motifs to bind to the MLL site on the
KIX domain (96 –98). Tax and HBZ compete with cellular tran-
scription factors for binding to KIX, thereby interfering with
CBP/p300-mediated transcriptional processes that regulate
critical hematopoietic signaling pathways (98, 99). Infection by
these viruses is frequently a precursor to diseases such as
leukemia.

Conclusion

The central role of the transcriptional coactivators CBP and
p300 in regulation and integration of eukaryotic transcriptional
and signaling pathways is entirely dependent upon the exist-
ence and utilization of intrinsically disordered regions, both
within the coactivators themselves and in the interaction
domains of their partners. Disorder mediates the formation of
both highly specific and promiscuous complexes, with dissoci-
ation constants that range from nanomolar to micromolar;
these complexes can be dissociated either spontaneously or by
competition with other partners. This facility is particularly
important for signaling, where the activation of genes in
response to extracellular signals must not only be turned on
with high specificity, but must also be turned off when these
gene products are no longer required. Disorder also allows
sequences to interact with a number of different partners, pro-
moting redundancy and efficiency in the utilization of cellular
resources, as well as facilitating crosstalk between signaling
pathways. The coactivators CBP and p300 provide a paradig-
matic example of a system that employs both order and disor-
der to fulfill complex and multifarious functions.
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The ubiquitin-proteasome system (UPS) regulates diverse
cellular pathways by the timely removal (or processing) of
proteins. Here we review the role of structural disorder and
conformational flexibility in the different aspects of degrada-
tion. First, we discuss post-translational modifications within
disordered regions that regulate E3 ligase localization, con-
formation, and enzymatic activity, and also the role of flexible
linkers in mediating ubiquitin transfer and reaction pro-
cessivity. Next we review well studied substrates and discuss
that substrate elements (degrons) recognized by E3 ligases
are highly disordered: short linear motifs recognized by many
E3s constitute an important class of degrons, and these are
almost always present in disordered regions. Substrate
lysines targeted for ubiquitination are also often located in
neighboring regions of the E3 docking motifs and are there-
fore part of the disordered segment. Finally, biochemical
experiments and predictions show that initiation of degrada-
tion at the 26S proteasome requires a partially unfolded
region to facilitate substrate entry into the proteasomal core.

Many cellular pathways and regulatory networks require
spatial and temporal control of effector protein levels. Reg-
ulated degradation mediated by the ubiquitin-proteasome
system (UPS)3 is an important post-translational mechanism
that helps to achieve precise fine-tuning of protein levels and
is being increasingly linked to more and more pathways. The

UPS is the major intracellular degradation pathway that has
evolved into a complex system consisting of several hundred
dedicated components (1). Important examples of regulated
degradation include cell cycle regulatory proteins (e.g.
cyclins, cyclin-dependent kinase inhibitors, etc.) that need to
be degraded or inactivated before cell cycle checkpoint
mechanisms decide upon progress (2, 3). Transcription fac-
tors (e.g. mammalian Myc, Jun, E2-F, p53, etc.) that activate
gene expression triggered by specific stimuli are usually
maintained at low levels (4, 5); further, the ubiquitin system
also triggers processing (by limited proteolysis) and activa-
tion of transcription factors such as NF�B (6). Cell surface
growth factor/hormone receptors undergo internalization
and degradation to switch off signaling inputs (7–12). The
UPS also tightly regulates other key intracellular effectors
(e.g. Smad proteins, Bcl-2) of signaling pathways (13–15).
Not surprisingly, defects in regulated degradation are being
linked to increasing numbers of diseases, including neurode-
generation and cancer, making the UPS very attractive for
drug design (16 –19).

Ubiquitination is organized as a cascade of E1 (ubiquitin-
activating), E2 (ubiquitin-conjugating), and E3 (ubiquitin
ligase) enzymes. The pathway is strongly conserved from
yeast to mammals. The E1-E2-E3 axis has a pyramidal struc-
ture, with 2 E1 proteins (in humans), 30 – 40 E2 enzymes, and
�600 E3 ligases (20). E3s are subclassified into major groups
based on their subunit organization and domain composi-
tion (Fig. 1) (21, 22), and they are responsible for detecting
and binding misfolded/misaggregated polypeptides (protein
quality control (23)) or to specific target substrates for reg-
ulated (programmed) degradation.

Current Challenges in Studying UPS-mediated
Regulated Degradation

One of the current challenges is the identification of sub-
strates for E3 ligases, recently addressed by several large-
scale strategies (24 –29). The other crucial aspect is the
detailed characterization of specific elements (degrons) that
the E3 ligases detect in their substrates (30). Furthermore,
there are multiple regulatory mechanisms (cellular localiza-
tion, post-translational modification (PTM) status, confor-
mational state, etc.) that need to be outlined (31, 32). These
regulatory mechanisms act both on the E3 ligase and on sub-
strates and connect regulated degradation with signaling
outcomes. For example, E3s are held in inactive conforma-
tions and require phosphorylation of defined residues to
trigger conformational activation of enzymatic activity (33,
34). On the substrate side, the phosphorylation profile of
degrons and their neighborhood play important roles in
degron recognition by E3s. We have recently analyzed the
role of structural disorder in enabling E3 ligase ubiquitina-
tion mechanisms (20) and also analyzed known degrons in
experimentally validated substrates for structural disorder
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(35). In this minireview, we focus on the relationship of pro-
tein (structural) disorder with: (i) E3 regulation and func-
tion; and (ii) substrate degrons that specify recognition by E3

ligases for regulated turnover and outline the functional
advantages conferred by the use of disorder in regulated pro-
tein degradation.

FIGURE 1. Main subclasses of E3 ubiquitin ligases, architectures, and structural disorder. Top, classification table for E3 ligases based on structural
and functional domain composition. The specific functional characteristics for each subclass are indicated, such as interaction with E2 and/or with the
substrate (S), functioning as a scaffold or adaptor/substrate recognition subunit in msE3s. Middle, representative models (schematic diagrams) of
different E3 ligase-E2-substrate complexes (numbering corresponds to top panel). The small superscript numbers in the table above are linked to the
diagrams in this panel. Color scheme: Ub and poly-Ub chains (orange), ubiquitin-conjugation (E2) enzymes (light pink), E3 ligase (pale green), scaffold
protein cullin (light violet), adaptor protein (light blue), substrate recognition subunits (pink), and substrates (S) (blue). Subunits of APC/C are shown
according to their functional class. Bottom, ribbon diagram of the crystal structure (PDB code: 4A4C) of human CBL (chain A) (left), WWP1 HECT domain
E3 Ligase (PDB code: 1ND7) (middle), and the multi-subunit SCF complex (PDB code: 1LDK) (right). The structures are shown colored by IUPred (97)
residue-wise disorder scores (color scale is shown). IUPred disorder scores range from 0 to 1; the higher the score, the greater the predicted disorder. 0.5
and greater indicate disordered residues.
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PTMs in Disordered Regions Regulate the Subcellular
Localization and Activity of E3 Ligases

E3 ligases determine specificity in the UPS by selecting sub-
strates for regulated degradation. Diverse mechanisms regulate
E3 activity and prevent unnecessary protein degradation. Phos-
phorylation has been well studied in this context (although
diverse PTMs may be used). Using phosphorylation as a trigger
allows degradation to be linked to signaling pathways and to
facilitate signal integration. Structural disorder has direct and
indirect consequences on the cellular localization, stability, and
activity of E3s. It has been demonstrated that disordered seg-
ments are enriched both in short and linear peptide motifs
(SLiMs) and in phosphorylation sites that regulate SLiM func-
tions, such as cellular localization, binding interactions, and
catalytic activity (36). PTMs in disordered regions act combi-
natorially and allow complex regulatory decisions (37). How do
these mechanisms regulate E3 function?

MDM2 is a well characterized E3 that regulates p53 (38).
Multi-site phosphorylation of MDM2 occurs in several disor-
dered segments within residues 114 –294. Akt-mediated phos-
phorylation of Ser166 and Ser186 within close proximity of
nuclear localization sequences (NLSs) and a nuclear export
sequence (NES) in this disordered region of MDM2 stimulates
its nuclear entry, which is critical in regulating p53 (39, 40).
BRCA1, another well studied E3, possesses NLSs within highly
disordered segments and also NESs within its N-terminal RING
domain: phosphorylation-dependent use of these motifs
changes binding to the nuclear export/import machinery and
regulates the cellular localization of BRCA1 (41). In another
example, phosphorylation of Thr24/Ser29 residues in the highly
disordered N terminus of the E3 ligase Siah2 by p38 MAPK
results in its exclusion from the nucleus, changing its associa-
tion with its nuclear target prolyl hydroxylase 3 (PHD3) (42).
However, Siah2 has both nuclear and cytosolic substrates, and
therefore its localization can affect its selection of substrates.
The inherent flexibility and complexity of the system are under-
scored by multiple phosphosites and docking motifs for multi-
ple kinases being located within this long disordered region,
which allows regulation of the same E3 ligase by different path-
ways. Siah2 phosphorylation can also be mediated by other
kinases, including c-Jun N-terminal kinase, dual specificity
tyrosine phosphorylation-regulated kinase 2, and homeodo-
main-interacting protein kinase 2, which can phosphorylate
similar motifs within the disordered N terminus of Siah2 (43).
Nucleocytoplasmic shuttling of the yeast E3 Rsp5 (44), von Hip-
pel-Lindau protein (45), hRPF1/Nedd4 (46), the RING-IBR
protein RBCK1 (47), and muscle-specific E3 MAFbx/Atrogin 1
(48) via NLS and NES signals (often in disordered regions and
regulated by phosphorylation) provides other examples of the
regulation of E3 activity via cellular localization.

PTMs in Disordered Interdomain Linker Regions
Regulate the Conformational State and Activity of E3
Ligases

An important mechanism of E3 activation is by phosphory-
lation events that modify critical residues in E3s and change E3
conformation from inactive to active states. E3 ligases have

evolved a modular design whereby catalytic (ubiquitin-trans-
ferring), substrate-targeting, and other functionalities are often
segregated into distinct domains (in the case of single-subunit
E3s (ssE3s)) or into distinct subunits (in multi-subunit E3s
(msE3s)) (Fig. 1). Modularity enables regulation of superter-
tiary structure (49), i.e. the relative arrangement of domains
within multi-domain proteins, where the dynamics of flexible
inter-domain linkers leads to the formation/disruption of intra-
molecular, inter-domain contacts; this appears to be a widely
used strategy in the regulation of E3 ligase activity (50). Again,
this links degradation to signaling, as kinases are frequently
used to modify residues in disordered/flexible interdomain
linkers and thereby regulate E3 activity by affecting conforma-
tional states, as described next.

For example, the E3 ligase Itch is regulated by a phosphory-
lation-inducedconformationalchange(33).Whenunphosphor-
ylated, the activity of the Ub-transferring, catalytic HECT
(homologous to E6-AP C terminus) domain is inhibited via an
intramolecular interaction with the WW domain. JNK1 phos-
phorylates Itch on three sites within the disordered proline-rich
region, altering the conformation of WW domain that weakens
the WW-HECT interaction and concomitantly increases cata-
lytic activity of the HECT domain. Similarly, the catalytic RING
domain of c-Cbl is negatively regulated by other domains (the
tyrosine kinase-binding (TKB) and linker helix domains) in the
protein. The linker helix region is predicted to be partly disor-
dered and contains two critical Tyr residues (Tyr371 and Tyr368)
that mediate phosphorylation-induced activation of c-Cbl.
Tyr371 and Tyr368 phosphorylation removes negative regula-
tion by inducing a conformational transition to an “open,”
active state (34, 51). The neuro-protective E3 ligase Parkin is
also maintained inactive in a closed, auto-inhibited conforma-
tion by intramolecular interactions (52). PTEN-induced puta-
tive kinase 1 (PINK1)-dependent phosphorylation of Ser65,
which is buried within a pocket formed between the disordered
linker region (residues 77–140) and the N-terminal UBL
domain (residues 1–76), stimulates opening of the intertwined
domains, allowing movement of UBL and the flexible linker
that enables catalytic activity (53). Recent structural analysis
provided detailed insights into progressive conformational
changes following phosphorylation of ubiquitin and the Parkin
UBL domain, which removes auto-inhibition and activates Par-
kin (54). Given the importance of these phosphoacceptor resi-
dues, several mutations at these positions have been implicated
in disease.

Disorder Facilitates the Dynamics of Ubiquitin Transfer

Fig. 1 shows the domain organization and structural design
of the major E3 ligase subfamilies. The common design princi-
ples are: (i) modular construction, and (ii) spatial separation of
substrate binding and E2-Ub binding functions. Once active,
“open” conformations are achieved, ubiquitin transfer necessi-
tates conformational flexibility that can bring E2-Ub into close
proximity to the bound substrate such that a suitable microen-
vironment for catalytic Ub transfer is created. This is achieved
by linker flexibility in the case of ssE3s and arises from the
flexibility of intervening subunits in the case of msE3s. When
crystal structures of representative E3s are colored by residue-
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wise predicted disorder scores (Fig. 1, bottom), we can identify
putative flexible regions that may be crucial for Ub transfer
dynamics.

Molecular simulations carried out on Cbl showed that the
flexible linker helix connecting the E2-binding RING domain
and the substrate-binding domain functions as a hinge and
allows large conformational transitions that bring E2-Ub and
substrate in close proximity (20). HECT E3s also employ similar
mechanisms: WWP1/AIP5 has a two-lobed structure in which
conformational flexibility enabled by rotation about a hinge
region linking the N- and C-terminal lobes appears essential for
catalytic activity (55). Multi-subunit E3 ligases use substrate-
binding subunits such as VHL (von Hippel-Lindau) box, SOCS
(suppressor of cytokine signaling) box, or F-box proteins (Fig.
1) that possess two domains: one binds the substrate, and the
other binds to Skp1/DDB1/Elongin BC subunits. Molecular
dynamics simulations of nine such substrate-binding proteins
(Skp2, Fbw7, �-TrCP1, Cdc4, Fbs1, TIR1, pVHL, SOCS2, and
SOCS4) demonstrated that their flexible inter-domain linker
acts as a hinge, rotating the substrate-binding domain toward
the RING domain-bound E2-Ub (located on the other end of
the msE3 complex), thus optimally positioning the bound sub-
strate for ubiquitin transfer (56). Furthermore, investigating
the cullin subunits of CRL complexes also showed that instead
of being purely rigid scaffolds, the N-terminal domains of cull-
ins contain hinge residues (highly conserved glycines) that
impart flexibility (57). Thus, for large multi-subunit E3s such as
the CRLs, flexibility throughout the complex, multi-protein
structure is clearly evident: in the RING (Rbx1) module (58), in
the cullin scaffold (57), and in the substrate-binding subunits
(56).

Experimental elucidation of the role of flexibility in E3 linker
regions/subunits mostly comes from comparison of multiple
crystal structures and small-angle x-ray scattering experiments
(as demonstrated in CRLs (59)) that highlight multiple linker
conformations and significant conformational transitions to
open structural forms that promote ubiquitination. Mutational
analyses of linkers by changing linker length and introducing
residues with different backbone geometries have also enabled
elucidation of the role of linker flexibility (59).

Structural disorder in the E3 ligase BRCA1 has been experi-
mentally characterized using NMR spectroscopy in conjunc-
tion with CD spectroscopy and limited proteolysis. BRCA1 has
an �1500-residue-long central disordered region (located
between its N-terminal RING and C-terminal, tandem BRCT
domains) that functions as a flexible scaffold for multiple inter-
action partners (60).

Disorder Facilitates Processivity in Ubiquitin Transfer by
E3 Ligases

Structural disorder also enables processivity in ubiquitina-
tion. Ubiquitination enzymes undergo large conformational
changes during their catalytic cycles such as bridging large dis-
tances so that ubiquitin transfer onto appropriate substrate
lysine residue(s) can take place (50, 59, 61). Ubiquitination is a
processive modification because most E3s will catalyze multiple
rounds of ubiquitin addition to the bound substrate. Processiv-
ity is a kinetic phenomenon widespread among enzymes that

act on polymeric substrates, such as DNA, RNA, polysaccha-
rides, and proteins (62). Ubiquitination by E3 ligases is often
highly processive, resulting in either multiple monoubiquitina-
tion of the substrate on proximal Lys acceptor sites or the
buildup of a polyubiquitin chain after several successive steps of
modification (63, 64). It has been suggested that disordered
regions in E3s may be instrumental in enabling “intramolecular
diffusion” of substrate- and E2-binding regions of the E3 toward
each other, resulting in processivity (20).

Structural Disorder and Folding Transitions in E3 Ligases
upon Substrate Binding

In addition to disordered/flexible inter-domain linkers, dis-
ordered E3 regions may also play a role in substrate targeting.
During previous work (see Fig. 5 of Ref. 20 and references
therein), we observed two instances where disordered seg-
ments of E3 ligases undergo induced folding upon binding to
their substrate proteins. The interaction between the E3 ligase
SMURF1 and its substrate SMAD1 (Protein Data Bank (PDB)
2LAZ) is an instance of co-folding (or synergistic folding)
between two disordered regions. Interaction between the E3
ligase RING2 and RYBP (PDB 3IXS) is another example.

Substrate Regions Harboring E3 Recognition Motifs Are
Highly Disordered

Next we survey substrates that undergo UPS-mediated reg-
ulated degradation and the nature of the specific determinants
that E3 ligases recognize on their targets. Yeast has �100 E3
ligases, and this number increases to �600 in higher
eukaryotes, including humans (65). These 600 ligases are
responsible for targeting, in principle, the entire proteome. An
important but unanswered question is the nature of the degron
that is recognized by these E3s. The name degron has been
coined for substrate elements that confer metabolic instability
(66). We discuss results demonstrating that degradation-spec-
ifying elements are distributed within the substrate (“distrib-
uted” degron architecture) and that many currently identified
degrons are closely associated with disordered protein regions.

A number of E3 ligases (the precise fraction of which is
unknown) recognizes short, linear (peptide) motifs on their tar-
get proteins (30). We refer to these as “primary degrons”
because they mediate the first step in regulated degradation
(35). We collected and analyzed 28 distinct primary degron
types from the literature and from the Eukaryotic Linear Motif
(ELM) database (of experimentally verified SLiMs) (67). Pri-
mary degrons are typical SLiMs (67): they are short (3–15 res-
idues) sequences, conserved among orthologous proteins, and
they contain specificity determinants that enable recognition
by the substrate-targeting domains/subunits of E3 ligases. The
D-box and KEN motifs were the first such degrons to be char-
acterized in cell cycle regulatory proteins (68); they are recog-
nized by the anaphase-promoting complex/cyclosome (APC/
C), a multi-subunit E3 that regulates cell cycle progression in
eukaryotes (69, 70). Primary degrons are docking motifs for E3
ligases and initiate substrate entry into the UPS.

What kinds of substrates are regulated by these degrons? Our
recently compiled dataset comprises 157 substrates (containing
a total of 171 experimentally validated instances corresponding
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to the 28 degron types). These proteins are involved in a wide
variety of pathways, such as cell cycle checkpointing, apoptosis,
transcriptional regulation, etc. (Fig. 2). Based on our analysis of
the 171 primary degron instances (35), we detected a significant
correlation between the location of these primary degrons and
intrinsically disordered substrate regions (Fig. 2). Almost 80%
of known degron instances are present in disordered interdo-
main linkers or in disordered regions outside domains. The
remainder localized to surface (mostly unstructured) loops of
folded domains. Not surprisingly, the primary degron region
could be observed in PDB structures of unbound (free) sub-
strates for only 1 out of 157 substrates (I�B kinase � (IKK-�),
residues 34NQETGE39, PDB ID: 4E3C). In all other structures,
either the highly disordered region encompassing the degron
was not included in the crystallization construct (as is often
done to facilitate crystallization), or missing electron density
was observed for the degron and its neighborhood.

Disordered Primary Degrons Are Regulated by PTMs
within Degrons and Their Flanking Regions

PTMs such as phosphorylation often regulate primary
degron recognition: many degrons are turned on/off after mod-
ification of one (or more) residues. The CBL family of E3s
targets protein tyrosine kinases via the recognition of [DN]X-
pY[ST]XXP (X indicates any residue, and p indicates phosphor-
ylation) and DpYR phosphotyrosine motifs (71, 72). Phospho-
degrons are also well known recognition sites for members of
the F-box family (73), which form multi-subunit, S phase
kinase-associated protein 1 (Skp1)-cullin 1 (Cul1)-F-box pro-
tein (SCF) complexes. The members of the F-box family func-
tion as substrate adaptors in the context of SCF complexes and
mediates the degradation of many regulatory proteins. Phos-
phorylation-mediated on/off switching of degradation
is a common strategy in substrates controlled by SCF E3
ligases. For example, SCF-�TrCP binds the consensus
DpSGX{2,3}[pST] that is activated after double phosphoryla-
tion, SCF-Fbw7 binds [LIVMP]X{0,2}(pT)PXX([pST]) se-
quences, and SCF-Skp2 targets [DE]X(pT)PXK (74, 75). Struc-
tural disorder facilitates deposition of PTMs, and it can also be
argued that multiple modifications within a restricted region
would benefit from the structural plasticity/malleability offered
by disordered segments (76).

Several examples are known where degrons with multiple
phosphorylation sites can be targeted by multiple kinases,
which adds increased regulatory complexity to substrate recog-
nition. For example, cyclin-dependent kinase 2 and glycogen
synthase kinase 3 phosphorylate different residues of the cyclin
E degron (77). In certain cases, one (or multiple) priming phos-
phorylations in degron-flanking residues are necessary before
phosphorylation of the degron itself can take place; such prim-
ing events have been shown to be critical for substrates such as

c-Jun (78), �-catenin (79), and Yes-associated protein tran-
scriptional coactivator (80). Priming phosphorylations sequen-
tially create docking sites for downstream kinases, and it is
highly likely that local structural disorder facilitates multiple
interactions (multiple kinase/phosphatase pairs) required for
the regulation of such events.

The use of PTMs to (in)activate substrate/E3 recognition can
also confer structural advantages. Phosphorylation in disor-
dered regions can modulate local conformational preferences
such that bound-state-like pre-structuring is observed (81).
Thus, priming modifications in disordered regions can serve to
achieve specificity for E3 recognition, using a signaling event as
a trigger and thereby achieving temporal and signal-dependent
binding specificity.

Multiple Degrons Present in Disordered Segments
Increase Avidity of Interaction

Avidity in E3-substrate interactions can be enhanced by mul-
tiple degrons in a disordered segment. Sic1 contains multiple
suboptimal phosphodegrons that have evolved an ultrasensi-
tive switch-like response such that phosphorylation of a certain
defined number of degrons is required before E3 binding
becomes stable enough (82). The creation of such an intricate
docking network within phosphorylation clusters requires sig-
nificant structural plasticity to ensure a functional system.
Other examples of polyvalent cooperative interactions facili-
tated by disordered regions can be seen in the multiple Ser/Thr-
rich degrons of the E3 ligase Cul3-HIB/SPOP that are clustered
in disordered substrate regions, and whose in vivo cooperativity
appears important for E3 binding and degradation (83).

Ubiquitin-Acceptor Lysines on Substrates and
Correlation with Disordered Regions

Following substrate recognition and binding, E3-E2 pairs
catalyze Ub transfer onto substrate lysines. Ubiquitinated
lysines that are linked to proteasomal degradation have been
termed as “secondary degron(s)” (35). The identity and charac-
teristics of selected lysines are not fully understood. Disordered
substrates such as p27 and p21 undergo non-selective Lys mod-
ifications that lead to degradation. For other substrates, the
geometry of the E3-E2 machinery should lead to preferential
orientation and selection of defined surface regions based on an
accessible search radius (ubiquitination zone (84 – 86)) con-
taining one or more Lys. In recent analyses, we observed that
degradation-linked, ubiquitinated lysines were often missing
from PDB electron density maps, and many were predicted to
fall into locally disordered regions (35). This leads us to specu-
late that a conformationally fluctuating surface/region should
increase the probability of fruitful Ub transfer to multiple sub-
strate lysines. The APC/C was shown to prefer lysines in disor-
dered regions for ubiquitination (87). Similar observations were

FIGURE 2. Primary degrons and their major properties. Top left, pie chart showing the overlap of substrate primary degron instances (171 experimentally
validated instances from 157 substrates) relative to Pfam domains (98). Top middle, pie chart showing the predicted secondary structure distribution of primary
degron residues (using PSIPRED (99)). Top right, pie chart showing the major Gene Ontology (GO) categories associated with substrates carrying known primary
degrons. Bottom, schematic diagrams of substrate proteins (blue) with the primary degron (yellow) indicated. The diagrams show three possible locations of
primary degrons relative to domains: degron at chain termini; degron in interdomain linker regions; and degron within domains. Specific examples of proteins
corresponding to each category are shown using domain diagrams. Primary degron sequences are shown in red. Domains (cylinder) and inter-domain or
non-domain (thick straight line) regions are in gray. RNA pol II, RNA polymerase II.
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also made by bioinformatics studies, suggesting a bias for deg-
radation-linked ubiquitination sites to be more disordered
when compared with unmodified lysines (88). Ubiquitinated
proteins are targeted to the 26S proteasome for degradation,
and a higher intrinsic flexibility of segments containing multi-
ple ubiquitinated lysines would also serve to better engage the
Ub receptors located on the regulatory subunits of the protea-
some with higher avidity interactions (89).

Substrates Require a Disordered Initiation Site for
Efficient Degradation by the 26S Proteasome

Detailed biochemical analyses suggested that ubiquitination
is necessary but not sufficient for proteasome-mediated degra-
dation. For that, a disordered (or partially unfolded) region on
the substrate is required because substrates without this disor-
dered degradation initiation site (we term it the “tertiary
degron” (35)) are not effectively degraded, despite association
with the proteasome (90, 91). The function of this disordered
region is to initiate productive proteasomal engagement of the
substrate and subsequent ATP-dependent unfolding. Because
the ubiquitin receptors on the 19S regulatory particle of
the proteasome are located �70 – 80 Å away from the ATPase
unfolding channel, the effective substrate requires a disordered
region of a minimum of 20 –30 residues in length, located next
to the polyubiquitin tag (92, 93). We found that this feature
distinguishes ubiquitination sites involved in degradation and
those with regulatory functions: nearly 60% of degradation-
linked sites are located in the immediate vicinity (within 0 –10
residues) of a long disordered region (of at least 20 consecutive
disordered residues), whereas the equivalent fraction is only
20 –30% in the case of ubiquitinated lysines that include non-
degradation, regulatory functions (35). Further, degradation
efficiency drops sharply when the two sites (site of ubiquitin
tagging and the disordered segment) are gradually separated
(91), and paralogs lacking a local long disordered region are
often involved in signaling rather than degradation (94). Actu-
ally, what may happen is that degradation becomes less efficient
for these paralogs, but does not stop altogether; this ensures
control of signaling decay with time.

In this context, it has been shown that the requirement for a
disordered degradation initiation site appears to be the most
important criterion even for ubiquitin-independent protea-
somal substrates (examples include the transcriptional regula-
tor Rpn4, thymidylate synthase, and ornithine decarboxylase)
(95, 96).

Conclusions and Perspectives

Alongside transcriptional and translational control, regu-
lated degradation is a primary mechanism of the cell to control
the functioning of its extremely complex collection of proteins,
i.e. the proteome. Ubiquitin ligases select substrates for degra-
dation by the recognition of often unknown signals (degrons)
within target proteins, but nonetheless confer specific recogni-
tion. Although the area is of significant contemporary interest,
much work is required to identify the precise nature of these
signals and details about their operation.

Here we have reviewed multiple lines of evidence suggest-
ing the involvement of structural disorder and conforma-

tional flexibility in this pathway. Structural disorder also
makes it more difficult to recognize degrons in the sequence
and structure of proteins. We are in the beginning of unrav-
eling the complex regulatory interplay between different sig-
nals and post-translational modifications in physiological
and pathological functions. Dedicated bioinformatics, mod-
eling, high-throughput proteomics, and detailed structural
studies will be required to unravel the complexities associ-
ated with regulated degradation.
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The immune system has evolved to protect multicellular organ-
isms from the attack of a variety of pathogens. To exert this func-
tion efficiently, the system has developed the capacity to coordinate
the function of different cell types and the ability to down-modu-
late the response when the foreign attack is over. For decades,
immunologists believed that these two characteristics were pri-
marily related to cytokine/chemokine-based communication and
cell-to-cell direct contact. More recently, it has been shown that
immune cells also communicate by transferring regulatory RNAs,
microRNAs in particular, from one cell to the other. Several studies
have suggested a functional role of extracellular regulatory RNAs in
cell-to-cell communication in different cellular contexts. This minire-
view focuses on the potential role of extracellular RNA transfer in the
regulation of adaptive immune response, also contextualizing it in a
broader field of what is known of cell-free RNAs in communication
among different organisms in the evolutionary scale.

Cell-free Nucleic Acids: A Historical Perspective

The first description of extracellular nucleic acids in the
blood of healthy and sick individuals goes back to observations
published by Mandel and Metais in 1948 (1). After this first
study, a series of research groups described both DNA and RNA
circulating as extracellular molecules in the body. These mole-
cules were considered as potential biomarkers mainly in cancer
and for prenatal diagnosis (2, 3). More recently, microRNAs
(miRNAs),3 small RNA molecules (18 –25 nucleotides), which
in their mature single-stranded forms act as post-transcrip-

tional repressors through pairing with messenger RNAs (4),
have been shown to circulate in human blood associated with
either vesicles or protein complexes that protect them from
degradation (5–7). In the last 7 years, blood-circulating
miRNAs have become the most promising clinical biomarkers for
the diagnosis, prognosis, and therapeutic options of a variety of
pathological conditions such as cancer (8–10), cardiovascular dis-
orders (11, 12), diabetes (13), and liver diseases (14, 15), among
others (16). Although cell-free nucleic acids have the potential to
revolutionize medical diagnostics, the biological significance of
these molecules in the extracellular environment still remains elu-
sive. RNA release can be a passive phenomenon that results from
tissue damage, or an active secretory process of healthy cells.
Hence, is RNA simply discarded by cells as waste, or does it have a
role in cell-to-cell communication? Or both?

In immunology, transfer of immunity by RNA was first
described more than 40 years ago (17). Moreover, RNA
extracted from the thymus was shown to induce maturation
and expression of a T cell-specific antigen in bone marrow lym-
phocytes (18) and to activate the proliferation of bone marrow
plasma cells in vitro (19). Then, it was first proposed that an
analogous mechanism in cell maturation in vivo might involve
RNA release by thymus cells. In the mid-70s, lymphocytes were
shown to release double-stranded DNA in complex with low
molecular weight RNA. The information carried by extracellu-
lar nucleic acids could be transferred from one cell type to
another in the course of an immune response (20 –22). The
capability to communicate through RNA molecules is possibly
very old and universally distributed in living organisms.

Traveler RNA: A Universal Living Language

The hypothesis of the so-called “RNA world” suggests that
RNA was the first nucleic acid in primordial cells �3.8 billion
years ago (23, 24) and may be the answer to a famous “chicken
and egg” problem: which came first, DNA or protein? RNA is
the only molecule capable of both storing genetic information
and catalyzing chemical reactions, being at the same time gen-
otype and phenotype. About 3.6 billion years ago, the more
stable DNA molecule almost completely replaced RNA for the
storage of genetic information, and thus allowed the passage
from an RNA world to a DNA world, although one in which
RNA molecules still performed multiple functions, participat-
ing in cellular chemical reactions, regulating the transcription
of genes, and modulating the activity of proteins. Although the
last century of biological research was dominated by the idea
that RNA is mostly devoted to the translation of genes into
proteins, and basic biology textbooks focus on mRNAs, tRNAs,
and rRNAs, today RNA is recognized as the most versatile bio-
logical macromolecule, with coding RNA being only a conti-
nent of the RNA planet.

One of the best characterized non-coding functions of RNA
is interference (RNAi), originally defined as the capability of
double-stranded RNA to induce sequence-specific degradation
of messenger RNAs. RNAi was first described in plant biology
in 1990 (25), and 8 years later, a double-stranded RNA was
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shown to trigger a powerful cellular silencing mechanism in
Caenorhabditis elegans that could be transmitted in the germ
line and pass through several generations, in addition to spread-
ing from tissue to tissue in the same individual (26). RNA-in-
duced gene-silencing mechanisms developed early at the basal
eukaryotic lineage, possibly to control viruses and transposable
elements (27). RNAi may have an even older origin, linked to
the replication/transcription pathways present in the ancient
RNA world (28). Importantly, RNA molecules regulate biolog-
ical mechanisms across different species or even different king-
doms pertaining to the interconnected conditions of parasit-
ism/infection/food intake. Endogenous non-coding RNAs
from Escherichia coli interfere with gene expression and regu-
late physiological conditions in C. elegans (29, 30). A fungal
pathogen that infects Arabidopsis thaliana uses extracellular
small RNAs to hijack the host RNAi machinery by binding to
plant AGO1 and selectively silencing host genes, with the effect
of suppressing host immunity and achieving infection (31). The
protozoan parasite Trypanosoma cruzi releases specific tRNA-de-
rived small RNAs that are transferred between and from parasites
to mammalian cells, eventually altering their infection susceptibil-
ity (32). Plant miRNAs present in food and acquired orally were
shown to use mammalian AGO2 to form AGO2-associated RNA-
induced silencing complex (RISC), thus regulating the expression
of target genes in mammals (33), although later studies reported
notes of caution, suggesting that plant miRNAs via dietary expo-
sure may not be universal in animals (34).

In conclusion, RNA is not the labile molecule we used to
think about at the end of the previous century. RNA molecules
are involved in several cellular activities and are not even con-
strained inside single cells; instead they are mobile and travel
between organisms of the same or different species, with
increasingly recognized ecological roles. These RNA functions
may be extremely ancient, as RNA molecules are involved in
quorum sensing, a phenomenon of sociality among bacteria,
that can reach a high level of regulation, including cheating and
high competition (35, 36). If extracellular RNA-based commu-
nication arose even before the origin of the eukaryotic cell, then
we can hypothesize that it is a widespread biological process, a
powerful and universal code that allows one organism/cell to
influence the behavior of others (37).

The need for a sophisticated type of containment brought
about the use of phospholipidic bilayers with the formation of
vesicles at a growing grade of complexity. Vesicles give two
major advantages to RNA messages: protection from degrada-
tion and the possibility, through the presence of proteins, to
confer a higher level of specificity to the message.

Extracellular Vesicles as Cell-to-Cell Words with a Huge
Biological Impact: The Case of the Immune System

More recently, a growing body of evidence has unveiled that
not all extracellular vesicles are created equal. There exist ves-
icles of nanometric size (20 –100 nm, often referred to as exo-
somes) that are formed by the inward budding and subsequent
fusion to the plasma membrane of multivesicular endosomes
(38), and vesicles of larger size (0.2–1 �m) that bud directly
from the plasma membrane are called microvesicles and also
comprise apoptotic and senescent bodies. An exhaustive

description of the biogenesis, trafficking, morphology, and iso-
lation techniques of extracellular vesicles goes beyond the
scope of the present review, but it can be found elsewhere (39).

The first accurate description of extracellular vesicles (EVs)
goes back to 1987, when sheep reticulocytes cultured in vitro
were shown to release vesicles containing a number of activities
characteristic of the reticulocyte plasma membrane, including
acetylcholinesterase and the transferrin receptor. Vesicle exter-
nalization was thus suggested to be a mechanism for shedding
specific membrane functions (40). For quite some time after
those first observations, it was believed that EVs are released by
cells to eliminate molecules that need to be down-modulated
during specific processes.

Starting from 1996, EVs started to be regarded as more than
a mere garbage bin as it was discovered that both dendritic cells
and B lymphocytes release vesicles containing MHC class II
that are able to induce antigen-specific MHC class II-restricted
T cell responses, and this was the first demonstration of a spe-
cific role for vesicles in antigen presentation in vivo (41, 42).
Also, activated T lymphocyte-derived exosomes, bearing T cell
receptor (TCR) from the pool of activated complexes, were
shown to target cells bearing the right combination of peptide/
MHC complexes (43). Since those first studies, many others
have contributed to discovering a significant biological role of
EVs in controlling the immune response. The general mecha-
nism by which this control is exerted is through the exchange of
vesicles as powerful vehicles to specifically deliver signals from
cell to cell in an autocrine, paracrine, and also endocrine fash-
ion. The picture is very complex if one thinks that most if not all
cells of the immune system are known to release EVs; that ves-
icle content can change according to activation status and envi-
ronmental cues of the releasing cells; and that the potential targets
are both immune and non-immune cells. EVs can help amplify
activation, as in the case of exosomes derived from stimulated T
cells that cooperate with IL-2 to induce growth of resting T cells, by
stimulating a proliferative response and the secretion of more
cytokines and at higher levels than cells stimulated by IL-2 alone
(44). In contrast, CD95 ligand-bearing EVs circulating in blood can
deliver death signals and suppress the immune response in a Fas/
FasL-dependent manner (45).

Although no systematic studies have been conducted yet,
several cytokines and chemokines have been found in associa-
tion with EVs. Examples are IL-1� (46, 47); IL-6 (48); IL-18 (49);
and TNF-� (50). To date, it is not known whether EV associa-
tion imprints a different specificity when compared with free
cytokines in vivo and what is the effect of EV association on our
conventional cytokine measurements. In 2001, EVs officially
entered the immune regulatory arena when suppressing exo-
somes (e.g. “tolerosomes”) were first described as supramolecu-
lar structures assembled in and released from the small intesti-
nal epithelial cell that carry MHC class II molecules with bound
gut lumen antigenic peptides, fully capable of inducing antigen-
specific tolerance (51). Tolerosomes were shown to induce
donor-specific allograft tolerance characterized by strong inhi-
bition of the anti-donor proliferative response and the delay of
the appearance of chronic rejection, thus suggesting that these
vesicles can induce regulatory responses able to modulate
allograft rejection (52). EVs can also mediate regulatory T
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(Treg) cell differentiation: exosome-like particles released from
thymic cells were shown to promote the conversion of naive T
cells into forkhead-box-P (Foxp)3� Treg cells, and may be one
of the endogenous drivers for inducing Treg cells under physi-
ological conditions via vesicle-associated TGF-� (53). It is con-
ceivable that the thymus can also communicate with peripheral
organs, including lymphoid and non-lymphoid sites, via thymic
particles to regulate host immune tolerance. Importantly,
tumor cells take advantage of EV-based immune-suppressive
systems by secreting vesicles that can either induce apoptosis,
impairment of T cell receptor signaling, and cytotoxicity on T
effector and natural killer (NK) lymphocytes or promote lym-
phocyte-suppressive activity through the release of Treg-pro-
moting exosomes (54). In particular, tumor-derived vesicles
can induce, expand, and up-regulate biological activities of
Treg cells through an EV-associated TGF-�-mediated mecha-
nism (55). Furthermore, although studies are still in their
infancy, it also seems that bacteria can produce vesicles able to
cross the epithelial barrier and interact with cells of the host
connective tissue, primarily cells of the immune system (56).

In conclusion, to date extracellular vesicles are fully recog-
nized as communication modules between and toward cells of
the immune system and are regarded by some authors as
important as cytokines and chemokines in regulating not only
microenvironment cues but also cell targets at a distance (57).
Besides the immune system, specific biological roles of EVs have
been described in pregnancy, embryonic development, tissue
repair, vascular biology, nervous system, bone calcification, and

liver homeostasis, and EVs have been constantly detected in all
mammalian (in particular human) body fluids investigated: blood,
urine, saliva, synovial, bile, cerebrospinal fluid, bronco-alveolar
fluid, amniotic fluid, breast milk, and seminal plasma (58). When
characterizing EV composition, with the aim of identifying the
functional players associated with these tiny messages, a compo-
nent is invariably found: microRNA.

Extracellular Vesicle-associated MicroRNAs: Novel
Players of Innate and Adaptive Immune Cell Function

Although miRNAs at the intracellular level are recognized as
key players of gene expression regulation in eukaryotic cells
(59), and also in cells of the immune system specifically (60, 61),
the biological role of miRNAs released at the extracellular level
has just started to be explored (Fig. 1). Valadi et al. (62) were the
first to show that exosomes contain messengers and regulatory
RNAs (including miRNAs) inside their membranous structures
when neither DNA nor ribosomal RNA (18S and 28S rRNA) is
detectable. Moreover, vesicle transfer was described as specific,
given that mast cell-derived EVs were internalized by other mast
cells but not by CD4� lymphocytes. Since that first study, RNA (as
well as miRNAs for that matter) has been consistently found in
vesicles released by most cells investigated, from stem cells to neu-
rons, hepatocytes, and blood cells, among others. Most of the
attention has been devoted to pathological conditions, but several
recent studies also demonstrate the physiological relevance of
miRNA release. Some examples of miRNAs in EVs as a cell-to-cell
communication pathway are the regulation of hematopoiesis in

FIGURE 1. Examples of EV-associated miRNAs relevant in the cross talk of immune cells. a, both B and T lymphocytes release EV-associated miR-150, which
increases significantly in blood upon immune system activation. b, dendritic cell-derived miR-155 enhances whereas miR-146a reduces inflammatory response. c,
mature macrophages release EV-associated miR-223, which induces the differentiation of recruited monocytes. d, regulatory T cells release Let-7d, which affects Th1
cells, halting their proliferation and IFN� secretion. Whether EV-associated miRNAs functioning at a paracrine level may also be released in the bloodstream and which
cells would be targeted is still largely unknown. Abbreviations: T � T cells; B � B cells; DC � dendritic cells; MC � monocytes; M� � macrophage.
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the bone marrow (63), muscle cell differentiation (64), and the
crosstalk between neurons and astrocytes (65).

An increasing number of studies have demonstrated that EV-
associated miRNAs have a direct role in the immune system.
During �-herpesvirus EBV infection, the passage of functional
viral miRNAs from infected to non-infected B cells via EVs is an
additional mechanism adopted by the virus to control immune
cells of the host and gain persistent infection (66). EBV may not
be an isolated case. HIV-encoded trans-activating response ele-
ment miRNA has been detected within the exosomes of HIV-
infected T lymphocytes, together with the host miRNA
machinery proteins Dicer and Drosha. Notably, exposure of
naive T cells to exosomes from infected cells increased suscep-
tibility of the recipient cells to HIV-1 infection and exosome-
associated trans-activating response RNA down-regulated Bim
and Cdk9 proteins in recipient cells, thus lowering apoptosis
induction (67). In inflammatory conditions, mature macro-
phages produce and release EVs at high concentrations that are
able to induce phenotypic differentiation and functional matu-
ration of monocytes into other macrophages. Importantly,
these EVs are enriched with miR-223, which is necessary for
vesicle-induced monocyte maturation, and thus it is part of a
feedback mechanism that works to induce the differentiation of
recruited monocytes and the release of more vesicle as a local
response activating the native immune system (68) (Fig. 1).

During the formation of an immune synapse, EVs released by
T cells contain miRNAs that are transferred to the antigen-
presenting cells in a unidirectional and antigen-driven fashion
and are capable of modulating gene expression in recipient cells
(69, 70). There are two important features of this type of com-
munication: (i) the miRNA repertoire of vesicles differs signif-
icantly from that of parental cells, suggesting that the selection
of secreted miRNAs may be highly regulated; and (ii) cell cog-
nate interaction that forms upon the establishment of an
immune synapse is necessary to promote the release of vesicles
on one side, and to induce the fusion of these vesicles with the
plasma membrane of the recipient cell on the other, demon-
strating that the transfer is finely controlled.

EV-associated miRNAs have also been shown to be different in
mature versus immature dendritic cells and to actively participate
in the crosstalk of these cells for the fine-tuning of antigen-pre-
senting cells and the immune response (71). Dendritic cells do
communicate through vesicle exchange with different miRNAs
having different and specific biological roles: in particular, EV-de-
livered miR-155 enhances whereas miR-146a reduces inflamma-
tory response, by mediating target gene repression and repro-
gramming the cellular response to endotoxin (72) (Fig. 1).

This mechanism of cell communication is envisaged to occur
in a paracrine environment, with vesicles traveling very short

distances or even passing from one cell to the other upon cell-
to-cell direct interaction. However, EV-associated miRNAs can
also travel long distances and become endocrine messages (73).
In accordance with this hypothesis, both B cells and T cells
release EV-associated miR-150, which increases significantly in
the blood of humans after vaccination with influenza virus and
correlates with a higher immune response (74). In contrast, the
level of extracellular miR-150 decreases in the blood of septic
patients with an unfavorable outcome (75). Therefore, the
modulation of circulating miR-150 may be an important regu-
latory loop aimed at down-modulating adaptive immune
responses through the transmission of extracellular messages
to other immune cells (also at distance) and the consequent
regulation of miR-150 target genes (Fig. 1). Indeed, it has been
demonstrated that vesicle-packaged miR-150 specifically regu-
lates target gene expression and function in recipient cells (76).
The described examples of communication via EV-associated
miRNAs in the immune system are reported in Table 1.

A long-distance miRNA-based communication can also
occur between mother and child, with miRNAs traveling in
milk during the months of lactation. Tolerosomes had already
been described in breast milk, and shown to block allergic
responses or prevent allergy development (77). More recently,
human breast milk was found to be enriched with immune-
related miRNAs (such as miR-17-92 cluster, known to be fun-
damental for the development of the immune system (78)) that
may be transferred into the infant body via the digestive tract,
and thus play a critical role in the development of the immune
system in infants (79). It has been specifically hypothesized that
milk miRNAs might induce long-term thymic Treg lineage
commitment and down-regulate IL-4/Th2-mediated atopic
sensitization by controlling pivotal target genes involved in the
regulation of FoxP3 expression, IL-4 signaling, and immuno-
globulin class switching (80).

Treg Cells and miRNAs: Fighting the Battle of Immune
Tolerance at Both Intracellular and Extracellular Level

miRNA expression is necessary for the development of Treg
cells in the thymus and the efficient induction of Foxp3 by
TGF-� in a cell-autonomous fashion (81). Moreover, ectopic
expression of the Treg cell signature transcription factor,
FoxP3, in different cell lineages results in the acquisition of a
Treg cell-specific miRNA profile, thus suggesting a key role for
FoxP3 in the control of Treg cell intracellular miRNA content
(81). Genome-wide analysis of its transcriptional binding sites
revealed that Foxp3 directly activates several miRNAs, among
which is miR-155, which is indispensable for Treg cells to nor-
mally respond to their key survival and growth factor, IL-2, but
largely dispensable for Treg cell suppressor function (82). The

TABLE 1
Extracellular miRNAs with an identified role in immune cell communication

Extracellular miRNA Releasing cell Target cell Reference

miR-150–5p T and B cells Unknown 74
Let-7d-5p Treg cell Th1 cell 88
miR-150–5p Monocyte Endothelial cell 76
miR-223 Macrophage Monocyte 68
miR-146a-5p, miR-155–5p Dendritic cell Dendritic cell 72
HIV-encoded trans-activation response element miRNA HIV-infected T cell T cell 67
EBV-encoded miR-BART15 EBV-infected B cell Dendritic cell 66
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expression of other miRNAs is necessary for Treg-mediated
prevention of inflammation and autoimmunity, because the
ablation of miRNA precursor-processing enzyme Dicer in Treg
cells results in a fatal early-onset autoimmune pathology indis-
tinguishable from that of Foxp3 KO mice (83, 84). In particular,
Dicer-deficient Foxp3� T cells completely lose their suppres-
sive activity, even though their Foxp3 expression is comparable
with that of control cells, thus suggesting that the impairment is
secondary to a reduced expression of suppressor effector mol-
ecules rather than to an altered Foxp3 expression (83, 84). Strik-
ingly, specific ablation of miR-146a alone in Treg cells is able to
cause fatal lymphoproliferative diseases characterized by
sharply augmented Th1 responses, secondary to an increased
production of pro-inflammatory Th1 cytokines (IFN�, above
all) by both Treg and T conventional cells and to reduced sup-
pressive capability of miR-146a-deficient Tregs (85).

miRNA expression is found altered in different autoimmune
conditions. Divekar et al. (86) recently demonstrated that Tregs
of systemic lupus erythematosus mice exhibit altered regula-
tory phenotype and reduced suppressive capacity and Dicer
expression, together with a distinct miRNA profile. Moreover,
miR-26a, an IL-6-associated miRNA that inhibits the genera-
tion of Th17 and promotes the generation of Tregs in vivo, thus
functioning as a regulator of the Th17/Treg cell balance, has
been found dramatically decreased both in experimental auto-
immune encephalomyelitis mice and in subjects affected by
multiple sclerosis (87).

Notably, a recent study on T cell subsets in mice demon-
strated that Treg cells release EVs containing miRNAs that dif-
fer from those released by other effector cells and that the
release is tightly regulated by distinct factors, such as IL-2,
amphiregulin, the calcium ionophore, monensin, and hypoxia.
More importantly, Treg cells deficient for Dicer (necessary for
miRNA maturation) but also Treg cells deficient for Rab27
(necessary for vesicle release) are unable to suppress Th1, dem-
onstrating that non-cell-autonomous gene silencing, mediated
by miRNA-containing EVs, is indeed a required mechanism
employed by Treg cells to suppress T-cell-mediated disease. In
particular, the authors identified Let-7d as preferentially pack-
aged and transferred to Th1 cells, halting Th1 cell proliferation
and IFN� secretion, and speculated that the local cytokine envi-
ronment dictating the intracellular miRNA profile of Treg cells
may also shape the extracellular EV-associated miRNA content
(88). These findings suggest for the first time that non-cell-
autonomous gene silencing, mediated by miRNA-containing
EVs, is a mechanism that cooperates with other known Treg
cell mechanisms to reinforce their suppressive function and
halt T cell-mediated diseases.

The analysis of Treg-specific miR-146a KO mice described
above has clearly suggested that one miRNA can be crucial in
maintaining a certain optimal range of its targets, such as Stat1,
whose deregulated activation leads to a severe failure of immu-
nologic tolerance (85). However, whether miR-146a acts only at
the intracellular or also at the extracellular level, through EV-
associated passage from Treg cells to the Th1 effector counter-
part, has not been investigated yet.

Moreover, it is important to underline that several cytokines
and metabolic factors also regulate EV release by Tregs (88), but

whether they can also shape their content is still unknown. It is
possible that, together with a dominant cell-intrinsic role for
miRNA secretion, the sensitivity of EV release to the microen-
vironment adds a further mechanism of plasticity to fine-tune
specific T cell responses, thus ensuring immune tolerance.

Extracellular Vesicle-associated miRNAs: How Much Is
Enough?

Purified populations of EVs usually contain many different
miRNAs. Therefore, for the most part, EV-mediated miRNA
transfer has the advantage over classical intercellular commu-
nication mediated by soluble factors wherein instead of one
single messenger, a single vesicle may suppress functionally
related genes in parallel, leading to a very effective paracrine
control over neighboring cells (89). Unexpectedly, when a
quantitative assessment of EV content of miRNAs was per-
formed using a stoichiometric approach, it was found that,
despite the biological source of the vesicles, the ratio between
the number of miRNA molecules and the number of vesicles is
lower than 1, even for the most abundant miRNAs, meaning
that there are vesicles that do not contain any copy of them (90).
This study may have discouraged people working in the field
because the authors stated that miRNAs may be individually
unlikely to be functional as communication vehicles. Instead, it
is clear that the absolute number of miRNAs per vesicle is not
the only parameter to be taken into account when evaluating
the cell-to-cell communication potential of miRNA. If vesicle
uptake is an infrequent but very selective event, the low-occupan-
cy/high-concentration occupancy model (in which there are rare
vesicles in the population carrying many copies of a given miRNA)
may be consistent with vesicle-mediated communication through
miRNA-mediated silencing of mRNAs. However, if cellular
uptake of vesicles is rapid, miRNAs having a low-concentration/
low-occupancy occupancy model (a small fraction of vesicles car-
rying a low concentration of miRNA) may also accumulate within
the cell in physiologically relevant quantities, given that the mini-
mum threshold in mammalian cells to repress a target mRNA is
estimated to be 100 miRNA copies (91).

Recently, tumor-derived EVs were shown to contain pre-
miRNAs along with Dicer and to possess cell-independent
capacity to process precursors into mature miRNAs (92). If this
capacity is not limited to tumor cell-derived vesicles but is a
more general feature of EVs, then the quantification of mature
miRNAs inside vesicles is not giving us the correct idea of the
actual mRNA repression potential given by further miRNA
maturation in vesicles themselves. Moreover, very low quanti-
ties of miRNAs may also be compatible with the recently pro-
posed non-conventional activities, such as binding to Toll-like
receptors as well as affecting DNA transcription and/or epige-
netic states, that presumably require much lower concentra-
tions of miRNA delivery than conventional mRNA targeting
(98).

The majority of studies on the role of EVs in mediating RNA-
based cell-to-cell communication (including the stoichiometric
evaluation of miRNA quantity (90)) are based on the isolation of
nanometric vesicles (50 –200 nm in diameter), which excludes
larger vesicles, such as microvesicles and oncosomes, that also
contain miRNAs as well as longer molecules of RNAs. There-
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fore, it is conceivable that these larger EVs carry significantly
higher numbers of miRNA molecules and function as an alter-
native vehicle for miRNA-based intercellular communication.
Last, but not least, it is not clear what proportion of EV tran-
scriptome consists of fragments of mRNAs, tRNAs, and other
larger RNA molecules, which may play a regulatory function
similarly to miRNAs (93), in addition to long interspersed ele-
ments and long terminal repeats (94). All these complex per-
spectives need to be further investigated.

The Shared Transcriptome: Single Cell Identity Goes
Fuzzy

The most recent studies on symbiosis, defined as the mutu-
ally beneficial living arrangement of organisms belonging to
different species, are shedding new lights on several aspects of
these interactions and challenging the view of unitary individ-
uals, genomes, and, at the end, life. Compartmentalization was
an essential pillar in the evolutionary history of life as we know
it (95), but living organisms have never forgotten the network
environment in which they appeared. We are facing a paradigm
shift in which our knowledge is progressing because we have
abandoned the idea that biological systems have precise bound-
aries and embraced the concept of holobiont (96) and holog-
enome (97). Here we have seen that RNA is mobile and is
exchanged among cells of the same organisms or of different
organisms of the same species or of different species or even
kingdoms. It is possible to envisage two main functions associ-
ated with sharing of the transcriptome: (i) regulation of target
cell via non-coding regulatory RNAs (such as miRNAs); and ii)
the buffering effect of transcriptome modulation to mount a
coordinate response in the case of an initially de-synchronized
cell population.

The growing knowledge on this ancient, universal, wide-
spread, and possibly efficient mechanism of communication
will eventually lead us to embrace the new concept of “holo-
transcriptome,” a sort of shared transcriptome with RNA mol-
ecules crossing the strict borders we impose to the biological
unit of a cell.

Concluding Remarks

Networking has been crucial for life since the first steps �4
billion years ago, steps in which RNAs may have played and may
still play a central role. A deeper analysis of RNA-based cell-to-
cell communication will give us the tremendous opportunity to
better understand relevant and broad biological issues, such as
the ecological and physio-pathological relations between
organisms and cells, with insight into infections, symbioses,
nutrition, and diseases. Moreover, if human Treg cells will also
be demonstrated to make use of EV-associated miRNAs to reg-
ulate immune tolerance, then the thorough analysis of this new
potential pathogenic mechanism of immune system dysregula-
tion may have an extraordinary impact on human health.
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All cells discriminate environmental signals and generate
appropriate intracellular responses. Our understanding of
these signal transduction mechanisms has benefitted from
studies across the kingdoms of life, from fungi and fish to
mice and men. This thematic minireview series examines les-
sons learned from three of the simplest (and best understood)
eukaryotic model organisms. The first article focuses on the
mating pheromone pathway in budding yeast Saccharomyces
cerevisiae. The second describes stress-mediated signaling in
the roundworm Caenorhabditis elegans. The third outlines
some of the signaling pathways that dictate growth and devel-
opment in the fruit fly Drosophila melanogaster. Each system
has provided unique insights into hormone and neurotrans-
mitter signaling mechanisms, in particular those mediated by
the MAPKs. The advances described in these articles will con-
tinue to improve our understanding of human physiology and
pharmacology.

There is a long tradition of cellular and molecular biology
research in simple eukaryotes including yeast, worms, and flies.
Each organism has distinct advantages for conducting and
interpreting genetic experiments. All have much to offer the
broader signaling community.

Yeast has been popularized in large part because it has the
ability to grow stably as a haploid, which is especially useful
for the identification of recessive gene mutations. Homolo-
gous recombination is unusually efficient, which has allowed
the systematic disruption of most non-essential genes and
regulated expression of most essential genes. Nearly all of
the genes have been fused to the green fluorescent protein,
for the purpose of visualization in live cells, and have been
affinity-tagged, for the purpose of rapid and large-scale pro-
tein purification.

Studies in yeast have led to some important advances in
signaling, particularly in the area of signal amplification,
cross-talk, and desensitization. Much of the work has
focused on a signaling pathway required for mating of the
two haploid cell types, known as a and �. The mating path-
way is composed of a G protein-coupled receptor and ERK
family MAPK similar to those found in humans. This path-
way is the topic of the first minireview, authored by Christo-
pher G. Alvaro and Jeremy Thorner (1) at the University of
California, Berkeley.

Another versatile model is the nematode Caenorhabditis
elegans, which has gained much traction for the study of
neural development. It is one of the simplest organisms with
a nervous system and it exhibits characteristic neurological
behaviors including mechanosensation, memory, and even
sleep. Given that the organism is transparent, it is possible to
visualize all cells (including all 302 neurons) during develop-
ment. This feature led to the startling realization that many
cells are culled through apoptosis during normal growth and
development.

Signaling in C. elegans is the topic of the second minire-
view, authored by Matthew G. Andrusiak and Yishi Jin at the
University of California, San Diego, and Howard Hughes
Medical Institute (2). Their study focuses on two stress-ac-
tivated MAPKs, JNK and p38. Although ERK is usually acti-
vated by hormones, JNK and p38 are activated by adverse
stimuli such as osmotic stress, heat shock, cellular damage,
and infection. The signaling role for p38 was first revealed
through genetic screens for mutants defective in nervous
system development, but later studies revealed a require-
ment for p38 after infection by the opportunistic pathogen
Pseudomonas aeruginosa. Other screens revealed a role for
stress-activated MAPKs in olfactory memory, where the
organism learns to associate chemical cues with positive or
negative experiences. The JNK pathway is needed to detect
nutrient stress; it has long been known that dietary restric-
tion increases the lifespan of the organism.

Signal transduction in Drosophila is the subject of the
third minireview, authored by Ben-Zion Shilo (3) of the
Weizmann Institute of Science. Drosophila was one of
the first model organisms to gain widespread popularity, and
it is the source of much of what we know today about the
genetic basis of heredity and development. This particular
review considers multiple aspects of cell signaling, ranging
from molecular details of ligand-receptor (e.g. Wnt-Frizzled)
interaction to the signaling function of cellular structures
such as cytonemes and nanotubes. Collectively, these fea-
tures provide the spatial and temporal cues necessary for
proper development.

All three organisms have a rich history of innovation and
discovery. All have had a similar trajectory, with studies becoming
progressively more mechanistic over time. Early genetic studies
were often done one gene at a time, typically with some qualitative
phenotype as the readout. Later genome sequencing efforts led to
more systematic screens and more quantitative measures of func-
tion. When just a small percentage of the yeast genome is required
for proper MAPK function, and the importance of each gene can
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be ranked in some quantitative way, it is far easier to determine
which proteins merit further investigation.

Gene silencing and editing technologies are now used rou-
tinely in animal cells. Nevertheless, there will always be a role
for simpler alternatives. Current research is benefitting from
advances in single cell analysis including single cell sequenc-
ing, reporters of activity, and metabolomics. Such technolo-
gies are usually “beta-tested” in simple organisms before
they are implemented in animals. Those who keep abreast of
these advances will surely benefit from the knowledge and
the tools they provide. It is our hope that this series will

promote communication by scientists working on the dis-
parate branches of the tree of life.

References
1. Alvaro, C. G., and Thorner, J. (2016) Heterotrimeric G protein-coupled

receptor signaling in yeast mating pheromone response. J. Biol. Chem.
291, 7788 –7795

2. Andrusiak, M. G., and Jin, Y. (2016) Context specificity of stress-activated
MAP kinase signaling: the story as told by Caenorhabditis elegans. J. Biol.
Chem. 291, 7796 –7804

3. Shilo, B.-Z. (2016) New twists in Drosophila cell signaling. J. Biol. Chem.
291, 7805–7808

MINIREVIEW: Introduction to Cell Signaling in Simple Organisms

APRIL 8, 2016 • VOLUME 291 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 7787



Heterotrimeric G Protein-
coupled Receptor Signaling in
Yeast Mating Pheromone
Response*
Published, JBC Papers in Press, February 23, 2016, DOI 10.1074/jbc.R116.714980

Christopher G. Alvaro1 and Jeremy Thorner2

From the Division of Biochemistry, Biophysics and Structural Biology,
Department of Molecular and Cell Biology, University of California,
Berkeley, California 94720-3202

The DNAs encoding the receptors that respond to the pep-
tide mating pheromones of the budding yeast Saccharomyces
cerevisiae were isolated in 1985, and were the very first genes
for agonist-binding heterotrimeric G protein-coupled receptors
(GPCRs) to be cloned in any organism. Now, over 30 years later,
this yeast and its receptors continue to provide a pathfinding
experimental paradigm for investigating GPCR-initiated sig-
naling and its regulation, as described in this retrospective
overview.

Genetic Analysis Provides an Enumeration of Molecular
Parts

Despite its deceptively simple lifestyle as a unicellular
microbe, Saccharomyces cerevisiae (bakers’ yeast) exists in
three distinct cell types. There are two haploids, termed a cells
and � cells. The third cell type, an a/� diploid, is formed by the
pheromone-induced conjugation or “mating” of an a and an �
cell, just as the fusion of any two, compatible haploid gametes
(e.g. sperm and egg) forms a diploid zygote (Fig. 1). The distinc-
tion between an a cell and an � cell is controlled by two non-
homologous alleles (dubbed MATa and MAT�) at a single locus
located slightly centromere-proximal from the middle of the
longer arm of Chromosome III (1). Analysis of the DNA
sequence, transcripts, and polypeptides encoded at the MATa
and MAT� loci demonstrated that these sequences encode
transcriptional activators and repressors that, along with addi-
tional factors for co-activation and co-repression, control
expression of the genes that confer the characteristics of the

two different haploid cell types (and of the diploids arising from
their mating) (1).

The genes responsible for mating behavior that are con-
trolled by the regulatory proteins encoded at MAT were largely
identified in the search for and characterization of non-mating
(“sterile” or ste) mutants, i.e. a rare a cell that grows normally,
but is unable to mate with an � cell (and vice versa) (2). Con-
ceptually speaking, there should be two basic classes of ste
mutants: (i) those that are defective in producing their cognate
pheromone (so that they cannot stimulate a partner), but are
still able to respond to the pheromone of the other mating type;
and those that are able to produce their cognate pheromone,
but are defective in responding to the pheromone of the other
mating type. The latter are more informative for delineating the
gene products required by a haploid cell for transducing its
exposure to a pheromone into appropriate downstream
physiological responses. Subsequent genetic interrogation of
the ste mutations (segregation analysis, mapping, comple-
mentation tests and, with the advent of recombinant DNA
technology, eventually cloning of the corresponding DNA),
followed by elucidation of the biochemical properties of the
STE gene products, generated a rather comprehensive cata-
log of the functions involved in the production and response
to pheromone. Gene products with overlapping functions
(e.g. two MAPKs, Fus3 and Kss1), as well as factors necessary
for mating, but essential for growth (e.g. the small GTPase
Cdc42), are required for pheromone response, but were
identified by other means. Similarly, mutants defective in
executing distal steps in mating, such as cell fusion (3) and
nuclear fusion (4), have been isolated, and the cognate genes
have been characterized. From this genetic parsing of parts
and from examination by numerous researchers in this field
of the corresponding proteins and their interactions, order
of function, subcellular localization, state of post-transla-
tional modification, abundance, stability, and the effects of
various perturbations (both modeled mathematically and
assessed experimentally using innovative new tools, includ-
ing single-cell analysis and microfluidic devices), has
emerged a remarkably in-depth and informative picture of
the events required for the mating process.

Yeast Pheromone Receptors

STE2 and STE3 were the first genes for agonist-binding
GPCRs3 to be cloned and characterized (5). Ste2 is the GPCR in
the plasma membrane (PM) of MATa cells that recognizes the
pheromone made by MAT� cells (�-factor, a 13-residue pep-
tide with unblocked N and C termini). The features of �-factor
required for binding to its orthosteric site and for activation of
Ste2 have been explored by examining structure-activity rela-
tionships in peptide agonists and antagonists derived by genetic
methods (6) and by chemical synthesis (7). Similarly, the prop-
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erties of the receptor and the residues involved in its folding,
membrane trafficking, and ligand discrimination have been
extensively studied by both targeted and unbiased mutagenesis
(8 –10). As for other GPCRs, there is some evidence that Ste2
function can be influenced by compounds binding to allosteric
sites (11, 12). Genetic data (13), FRET analysis (14), Cys
mutagenesis and disulfide cross-linking (15), and other evi-
dence (16) indicate that Ste2 functions as an oligomer. Ste3 is
the GPCR in the PM of MAT� cells that recognizes the phero-
mone made by MATa cells (a-factor, a 12-residue lipopeptide
with an unblocked N terminus and an S-farnesylated and meth-
yl-esterified C-terminal Cys). Because of the relative insolubil-
ity of its cognate ligand, analysis of Ste3 has lagged behind stud-
ies of Ste2.

Remarkable advances have been made during the last decade
in stabilizing, purifying, crystallizing, and determining the
structures of GPCRs by x-ray diffraction, including, as of this
writing, structures for 10 peptide-binding receptors in the
so-called Class A family of GPCRs and two peptide-binding
receptors in the so-called Class B. However, despite valiant
attempts to purify a C-terminally tagged version of native
Ste2 (11), otherwise engineered variants (17), and a Cys-less
and non-glycosylated derivative (18), the structure of this
yeast GPCR remains unsolved, although the conformational

behavior of large fragments of Ste2 has been examined by
NMR (19).

GPCR-initiated Signal Propagation

Genetic studies and biochemical analysis have demonstrated
that Ste2 and Ste3 are coupled to the same heterotrimeric G
protein, composed of Gpa1/Scg1 (G�) and Ste4-Ste18 (G��),
and engage the same downstream components. The accompa-
nying schematic diagram (Fig. 2), showing the response of a
MATa cell to �-factor, is an attempt to capture the conforma-
tional changes and dynamics, both temporally and spatially, of
these events, but no single static and two-dimensional illustra-
tion can do so adequately. Upon ligand binding, Ste2 undergoes
a conformational change that allows it to act as a guanine-nu-
cleotide exchange factor (GEF) on Gpa1. Replacement of GDP
with GTP in Gpa1 causes a conformational change that disso-
ciates the G�� complex (Ste4-Ste18). This system was the first
in which it was unequivocally demonstrated that a released
G�� complex serves as the critical positive effector for initiat-
ing downstream signaling. In cells expressing a Ste4-Gpa1
fusion protein, downstream signaling is activated in response to
pheromone just as effectively as when Ste4 and Gpa1 are ex-
pressed as separate proteins (20). Hence, as long as GTP-bound
G� no longer occludes its interface with G��, full dissociation
of the heterotrimer is not required for pathway activation. In
this regard, N-myristoylation (C14) of Gly2 and S-palmitoyla-
tion (C16) of Cys3 in Gpa1 and S-palmitoylation of Cys206 and
S-farnesylation (C15) and methyl esterification of the C-termi-
nal Cys207 in mature Ste18 (G�), tightly associated with Ste4,
will firmly anchor such a Ste4-Gpa1 chimera at the PM. Hence,
positive signaling roles ascribed to endocytosis of Gpa1 and its
interaction on the surface of the vacuole with the PtdIns 3-ki-
nase Vps34 (21) can only have, at best, a minor role in the early
processes that initiate mating. By contrast, positive signaling
roles ascribed to the interaction of Gpa1 with effectors that
productively execute their functions in mating at the PM, such
as direct association of Gpa1 with the MAPK Fus3 (22), which
phosphorylates a number of PM-associated targets (see below),
and interaction of Gpa1 with the polysome-associated and KH
domain (an RNA recognition motif)-containing protein Scp160
(23), which binds to mRNAs encoding PM-localized cell polar-
ity proteins needed for the anisotropic growth leading to shmoo
formation (24), seem of significantly greater biological impor-
tance. Nonetheless, as initially revealed genetically, the primary
role of Gpa1 is to negatively regulate signaling by occluding the
effector-binding surface of Ste4 in the G�� complex.

Freed G�� evokes three synergistic processes that must act
in concert with each other to activate the downstream MAPK
cascade successfully. All occur at the PM because G�� is firmly
tethered there by virtue of the aforementioned lipophilic mod-
ifications of Ste18 to the penultimate residue (Cys206) and
Cys207 of its C-terminal CAAX box (where C represents a Cys
residue, A represents any aliphatic residue, and X represents
any residue), -NSNSVCC16CC15-C�O-OCH3 (25). First, free
G�� recruits the scaffold protein Far1, along with its interac-
tion partner Cdc24, which is the GEF for the small (21.3-kDa)
GTPase Cdc42 (26). The Far1�Cdc24 complex shuttles in and
out of the nucleus, but is found predominantly inside the

FIGURE 1. Overview of the events that occur in pheromone-induced con-
jugation (“mating”) of the two haploid mating types of the budding
yeast S. cerevisiae. Adapted from Ref. 100. © 2006 Cold Spring Harbor Lab-
oratory Press.
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nucleus in naive cells; however, after cells are exposed to pher-
omone, the presence of free G�� allows for the capture and
accumulation of Far1�Cdc24 at the PM (27). Both Far1 and
Cdc24 contain phosphoinositide-binding PH (pleckstrin homo-
logy) domains, which further stabilize their PM binding. Cdc24
also associates with a multi-purpose linker protein, Bem1, via
interaction of their respective C-terminal PB1 domains (28).
The substrate of Cdc24, Cdc42, is also firmly tethered at the PM
by S-geranylgeranylation (C20) and methyl esterification of the
C-terminal Cys in its CAAX box, -IKKSKKCC20-C�O-OCH3,
and by the adjacent basic (Lys) residues that promote associa-
tion with the headgroups of acidic PM glycerophospholipids
(29). Thus, pheromone-induced propinquity of Cdc42 with its
GEF generates a localized pool of active (GTP-bound) Cdc42.

Second, a direct target of GTP-Cdc42, the Cdc42-acti-
vated protein kinase Ste20, the first eukaryotic p21-activated
protein kinase (PAK) identified, is also accumulated in the
same vicinity of the PM because it contains a specific G��-
binding (GBB) domain at its C-terminal end, which is con-
served in mammalian PAKs (30), as well as a novel basic resi-
due-rich PtdIns(4,5)P2-binding element (31). Purportedly,
Bem1 can also bind to Cdc42 (32), but this interaction is not
required for PM recruitment of Cdc24 (33). However, two
N-terminal SH3 (Src homology 3) domains in Bem1 bind to
Pro-X-X-Pro sites in Ste20 (34), thus helping to bring the
machinery that catalyzes Cdc42 activation into juxtaposition
with Ste20, thereby generating a localized pool of the active
state of this protein kinase. A primary substrate of Ste20 is the
MAPKKK Ste11 (35). Thus, Ste20 serves as a MAPKKKK.

Third, in response to pheromone, Ste11 is also restricted to
the PM for two reasons. Ste11 associates tightly with a small

non-catalytic subunit, Ste50, via interaction of their respective
N-terminal sterile alpha motif (SAM) domains (36), and the
C-terminal so-called RA (Ras association) domain of Ste50
associates preferentially with Cdc42-GTP (not Ras-GTP) (37).
However, the majority of the Ste11�Ste50 heterodimer is bound
to the scaffold protein Ste5, which also has binding sites for the
MAPKK Ste7 and the MAPK Fus3 (38), and likely functions as
an oligomer (39). Like Far1�Cdc24, the complex of Ste5 and the
MAPK cascade components undergoes continuous nucleocy-
toplasmic shuttling and is found mainly inside the nucleus in
naive cells; however, after pheromone administration, interac-
tion of free G�� with the RING-H2 domain of Ste5 (40) allows
for capture and accumulation of the Ste5 complexes at the PM
(41). In addition to its interaction with G��, association of Ste5
with the PM is further stabilized by an N-terminal, phospho-
inositide-binding, basic amphipathic �-helix (PM motif) (42)
and by an internal PH domain (43). There is also evidence that
Bem1 binds to Pro-X-X-Pro sites in Ste5 (44), and it also con-
tains a phosphoinositide-binding PX (Phox homology) domain
(45), all of which would further contribute to drawing all the
necessary components into close proximity at the same region
of the PM, which has been shown to be highly enriched in
PtdIns(4,5)P2 (46).

Thus, to fire the MAPK cascade efficiently, pheromone must
bind to a sufficient number of receptors to release enough mol-
ecules of free G�� to allow for the coincident localization and
encounter of three different types of multi-protein complexes.
This convergence establishes a meta-stable “factory” to propa-
gate multiple rounds of sequential phosphorylation through
the MAPK cascade (47). In this regard, Ste7 possesses a high-
affinity docking site for Fus3 (48), and association of Fus3 with

FIGURE 2. Schematic representation of the GPCR-initiated biochemical processes required for execution of the mating pheromone response pro-
gram. For clarity, activation and roles of the ancillary MAPK Kss1 have been omitted. Whether pheromone binding causes dissociation of Ste2 dimers
concomitant with GTP-for-GDP exchange in Gpa1 (G�) and release of free Ste4-Ste18 (G��) is a speculative model. See text for further details.
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Ste5 causes Fus3 to adopt a conformation that promotes its
efficient Ste7-mediated phosphorylation (49). Once activated
by its dual phosphorylation (Thr(P)-180 Tyr(P)-182), the
MAPK Fus3 dissociates from Ste5 (50). The pool of activated
Fus3 phosphorylates a variety of targets at the PM, in the cyto-
sol, and in the nucleus, all of which are necessary to execute the
functions required for mating; the spatial and temporal dynam-
ics of its actions are important because restricting Fus3 to either
the PM or the nucleus markedly impairs mating proficiency
(51).

Outputs of the GPCR-initiated MAPK Cascade

Activated Fus3 first contributes to steps necessary for effi-
cient mating by phosphorylation of pre-existing proteins. Fus3
imposes G1-specific growth arrest by phosphorylating Far1 and
converting it into an inhibitor of the G1 cyclin (Cln)-bound
form of CDK1 (Cdc28) (52), thereby synchronizing haploid
cells at the same stage of the cell cycle.

Fus3 also stimulates processes that promote the highly polar-
ized morphogenesis involved in conjugation tube extension
(“shmoo” formation). Fus3 phosphorylates and stimulates the
formin Bni1 required for polymerizing the actin filaments that
direct secretory vesicles to the growing shmoo tip (53); Bni1 is
tethered at the cell cortex by activated Cdc42 (54) as well as by
cell polarity determinants (including Spa2 and Pea2) (55). After
tracking along actin filaments, polarized targeting and tether-
ing of post-Golgi secretory vesicles to active sites of exocytosis
prior to their SNARE-dependent fusion are mediated by the
exocyst complex, and a PtdIns(4,5)P2-binding exocyst subunit,
Exo70, associates intimately with Bem1 (56), thereby ensuring
vesicle delivery and localized membrane growth at the shmoo
tip. This polarized morphogenesis also seems to be aided by
Fus3-mediated phosphorylation of Ste5 (57). Because S. cerevi-
siae lacks any motility mechanism, this directional chemo-
tropic growth allows responsive haploid cells separated even by
as much as 20 �m to make contact (58).

In addition, Fus3 evokes steps necessary to achieve cell
fusion. Fus3 phosphorylates and blocks the endocytosis-pro-
moting function of the N-BAR domain-containing amphiphy-
sin Rvs167 (59), thereby also freeing its partner N-BAR
amphiphysin Rvs161 to interact with Fus2, an alternative, pher-
omone-induced N-BAR domain-containing protein (60). Fus2
is also either a Cdc42 GEF or a Cdc42 effector that localizes to
the site of cell-cell fusion and is essential for the completion of
plasmogamy (61). Fus2 becomes available in the cytosol
because its Fus3-mediated phosphorylation in the nucleus pro-
motes its nuclear export (62). Equally as important, in the
nucleus, Fus3 also phosphorylates the Dig1/Rst1 and Dig2/Rst2
proteins (63) alleviating their repression of the DNA-binding
transactivator Ste12, which Fus3 also phosphorylates and stim-
ulates (64), thereby activating transcription of numerous genes
(65). FUS3 itself is such a gene, providing the means for auto-
catalytic reinforcement of the responsive state.

New gene products synthesized as the result of Fus3-medi-
ated transcriptional induction are required to execute subse-
quent mating-specific processes. For example, two glycosyl-
phosphatidylinositol-anchored proteins, Aga1 and its paralog
Fig2, are disulfide-linked to and present on the cell surface

an adhesion protein (Aga2), which enhances agglutination
between a and � cells (66). Afr1, an apparent auxiliary subunit
for yeast phosphoprotein phosphatase-1 (Glc7), brings this
enzyme to the site where the mating projection develops
because it binds to septin Cdc12 (67), and the septin filaments
found at the bud neck in mitotic cells undergo a striking reor-
ganization to permit shmoo formation (68) (but whether
Afr1�Glc7 is catalytically active and, if so, its specific substrates,
are not known). PM insertion of Fus1 (a heavily O-glycosylated,
PM-localized, single-span transmembrane protein) (69), as well
as Prm1 (a polytopic PM protein) (70) and Fig1 (a PM tetraspa-
nin) (71), is required for fusion of the haploid cells. Similarly,
insertion into the outer nuclear envelope of Kar5 (72) and Prm3
(73) (interacting integral membrane proteins), as well as Prm2
(another tetraspanin) (70), is required for fusion of the two hap-
loid nuclei. Likewise, up-regulation of Kar3 (a microtubule
minus end-directed kinesin) and its specific localization to the
cytoplasmic microtubules emanating from the spindle pole
body by Cik1 (a pheromone-induced kinesin-associated pro-
tein) (74) are required to draw the two haploid nuclei together.
Among the Ste12-dependent genes induced by pheromone is
another transcription factor, Kar4, which cooperates with
Ste12 to turn on genes required for karyogamy (such as CIK1,
KAR3, and PRM2) (75).

Negative Feedback Mechanisms That Dampen
Pheromone Response at the GPCR Level

Among the products of Ste12-dependent genes induced in
response to pheromone are proteins that act to squelch further
signaling. These multiple negative feedback mechanisms pre-
sumably evolved to dampen prolonged mating pheromone
response because its hyperactivation causes cell death (76).
Thus, even in the presence of a stimulus of constant intensity,
GPCR-initiated signaling can be disabled, a process referred to
as adaptation, desensitization, or down-regulation. The phero-
mone-induced negative regulators act at many points: Msg5, a
dual specificity phosphoprotein phosphatase, deactivates Fus3
(77); binding of guanine nucleotide dissociation inhibitor (GDI)
Rdi1 converts Cdc42 to the off-state by preventing nucleotide
exchange and extracting it off the PM by providing a hydropho-
bic pocket for its geranylgeranyl substituent (78); and PM-lo-
calized synaptojanin ortholog Inp52/Sjl2, a dual action phos-
phoinositide-specific phosphatase, catalyzes hydrolysis of PM
PtdIns(4,5)P2 to PtdIns (79).

Not unexpectedly, however, several of the induced negative
regulators promote desensitization by acting on �-factor, its
receptor, or the associated heterotrimeric G protein, thus pre-
venting further GPCR-initiated signaling at its origin (Fig. 3).
BAR1 encodes a protease that cleaves �-factor into two inactive
fragments (80). SST2 encodes the first regulator of G protein
signaling (RGS) identified (81). Binding of its N-terminal DEP
domains to the cytosolic tail of Ste2 (82) delivers Sst2 to the PM,
thereby positioning its C-terminal RGS domain to stimulate
conversion of PM-localized GTP-bound Gpa1 back to its GDP
state (83). Even the basal level of Sst2 expression is important
for preventing spurious signaling that arises from occasional
stochastic dissociation of the Ste2�Gpa1�Ste4-Ste18 complex
(84). In its GDP-bound state, Gpa1 reassociates with and blocks
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downstream signaling by the Ste4-Ste18 complex. Recoupling
and squelching of G�� function is further promoted by mass
action (85); both STE2 and GPA1 (but not STE4 or STE18) are
up-regulated in response to pheromone (65), concomitant with
an enhanced rate of N-myristoylation of Gpa1 (86), a post-
translational modification essential for Gpa1 PM targeting,
binding to G��, and association with Ste2 (87).

An additional pheromone-induced negative regulator of
pathway function with a less well defined mechanism of action
is the fungus-specific and a cell-only protein Asg7. Largely
genetic evidence indicates that it blocks signaling at the level of
G�� and that it normally does so for the G�� produced by Ste3
(88), thus suggesting that its normal role is to ensure that, in
newly formed zygotes, any signal that would emanate from Ste3
is blocked.

Finally, termination of the GPCR-mediated signal also
involves ligand-induced receptor endocytosis (89). Occupancy
of Ste2 by �-factor induces a conformational change in the
receptor that exposes its 132-residue C-terminal tail (90), per-
mitting, for example, Sst2 binding (82). This “open state” is
made essentially irreversible by subsequent phosphorylation of
multiple Ser and Thr residues in the receptor tail (91) mediated
by the casein kinase I family members Yck1 and Yck2, which are
anchored at the PM by virtue of dual S-palmitoylation of their
C-terminal Cys-Cys motif via the Zn2�-dependent DHHC fam-
ily protein:palmitoyl-CoA transferase Akr1 (92). The activated
receptor is also now able to associate with two paralogous adap-
tor proteins of the �-arrestin family, Rod1/Art4 and Rog3/Art7

(93). These molecules interact with the receptor via their N-ter-
minal arrestin fold domain and contain multiple PPXY motifs
or variants thereof (such as VPXY or LPXY) in their C-terminal
extensions that recruit the HECT domain-containing protein:
ubiquitin ligase Rsp5 (closest human ortholog is Nedd4L) via
their binding to its three WW domains (94). Rsp5, which is
already PM-associated via binding of its N-terminal C2 domain
to acid glycerophospholipids, attaches Lys63-linked ubiquitin
chains (95) to seven Lys residues in the Ste2 tail (82). These
modifications engage the machinery for clathrin-mediated
endocytosis (96) and then the endosomal sorting complexes
required for transport (ESCRT) machinery that converts the
endosomes to a multivesicular body, which then fuses with the
lysosome-like vacuole where Ste2 and its ligand are degraded
(97). In the absence of pheromone, Ste2 is removed from the
PM at a basal rate via the action of a third �-arrestin, Ldb19/
Art1 (93), that recognizes misfolded integral membrane pro-
teins and thus acts as a quality control mechanism (98). Sim-
ilarly, two other paralogous �-arrestins, Aly1 and Aly2,
promote ligand-induced internalization of the a-factor
receptor Ste3, and Ldb19 plays a contributory role (99).
Because S. cerevisiae lacks any �-arrestin homolog, these
findings demonstrate that �-arrestins alone are capable of
promoting GPCR internalization.

Prospectus

We anticipate that further interrogation of the network of
biochemical processes required for the yeast mating phero-

FIGURE 3. Major negative feedback mechanisms promoting adaptation to pheromone signaling that act at the receptor level. See text for details. Panel
D was adapted from Ref. 97. © 2002 Nature Publishing Group.
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mone response and its genetic control will continue to serve as
an informative model for investigating molecular mechanisms
in signal transduction and in the cell biology of stimulus-in-
duced developmental transitions.
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Stress-associated p38 and JNK mitogen-activated protein
(MAP) kinase signaling cascades trigger specific cellular re-
sponses and are involved in multiple disease states. At the root
of MAP kinase signaling complexity is the differential use of
common components on a context-specific basis. The round-
worm Caenorhabditis elegans was developed as a system to
study genes required for development and nervous system func-
tion. The powerful genetics of C. elegans in combination with
molecular and cellular dissections has led to a greater under-
standing of how p38 and JNK signaling affects many biological
processes under normal and stress conditions. This review
focuses on the studies revealing context specificity of different
stress-activated MAPK components in C. elegans.

Sydney Brenner chose the roundworm Caenorhabditis
elegans as a model biological system to address questions
regarding development and neurobiology (1). Because of its ste-
reotyped development, short life cycle, transparency, ease of
genetic manipulation, and conservation of genes with higher
mammals, C. elegans provides many advantages to characterize
the function of genes. Studies over the past four decades using
C. elegans have revealed fundamentally conserved principles
underlying many biological processes (2– 4). For example, iso-
lation and characterization of uncoordinated mutants or drug-
resistant mutants led to the discovery of genes and mechanisms
functioning in the nervous system (1, 5). The evolution and
intricacies of genetic screens in C. elegans have been reviewed
in Ref. 6. Here we review the approaches used to uncover the in
vivo roles of stress-activated MAP3 kinases and discuss how

these findings have advanced our understanding of stress
responses in select cellular processes.

Stress-activated MAP Kinase Homologs in C. elegans

MAPKs act as central signaling hubs, transducing extracel-
lular cues to control cellular processes such as proliferation,
differentiation, apoptosis, and migration (7). Due to their mul-
tifaceted roles and importance in many cellular processes, their
malfunctioning is associated with a wide array of human dis-
eases, such as atherosclerosis and tumorigenesis (8, 9). MAPKs
can be classified into three families; the ERK, p38, and JNK
classes, originally defined based on kinase activity, target spec-
ificity and sequence homology. Early studies on p38 and JNK,
mainly in mammalian cell lines, showed that they are predom-
inantly activated by adverse stimuli such as osmotic stress, heat
shock, or cytokines (7). This notion triggered a misnomer in the
term “stress-activated MAP kinase.” In vivo evidence in genet-
ically tractable models did not support a solely stress-depen-
dent role for JNK and p38, as null mutants generally resulted in
severe developmental defects (10 –13). It is now widely known
that JNK and p38 regulate both normal and stress-associated
signaling (7).

MAPK cascades consist of a sequential activation of kinase
substrates(MAPKKK/MAPKK/MAPK)culminatinginthephos-
phorylation and activation of the terminal MAPK. The
C. elegans genome encodes four JNK MAPK homologs, JNK-1
(67% identity to JNK1), KGB-1 (48%), KGB-2 (51%), and
C49C3.10 (31%), which share a conserved TPY activation motif,
and three p38 MAPK homologs, PMK-1 (64% identity to
MAPK14), PMK-2 (56%), and PMK-3 (42%), which share the
TGY or TQY activation motif (Fig. 1). The TQY motif is unique
to nematodes and several plant species (14, 15). C. elegans ho-
mologs of stress MAPKKs include four groups, those similar to
MKK7 (mek-1, jkk-1), MKK4 (mkk-4, sek-3, sek-6), MKK3/6
(sek-1), and MKK3 (sek-4, sek-5). Multiple homologs of the
stress MAPKKK family are also found, including DLK/LZK
(dlk-1), ASK1 (nsy-1), TAK1 (mom-4, Y105C5A.24), TAO (kin-
18), MLK (mlk-1), and ZAK (zak-1) (16). The presence of p38
and JNK orthologs in C. elegans offers the opportunity to
exploit the power of genetics to characterize these putative
stress pathways in vivo. A general theme in stress-activated
MAPK signaling is their context specificity, which is accom-
plished through integrating different components to activate
distinct cellular responses (Figs. 2 and 3). The remarkable level
of context specificity is somewhat paradoxical considering the
broad expression pattern of the majority of p38 and JNK com-
ponents (Fig. 1). Interestingly, the initial studies of stress-acti-
vated MAPK signaling in C. elegans came from observations of
developmental and non-stress-related phenotypes (16).

A Not-so-stressful Beginning to Functional Studies of
p38 and JNK in C. elegans

Locomotion and Feeding

The identification of C. elegans homologs of the JNK signal-
ing pathway was born out of the need for an in vivo model to
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study the complexities of MAPK pathways. From an evolution-
ary perspective, the JNK and p38 signaling pathways are
thought to have been derived from a duplication event in the
ancestral yeast hyper-osmolarity Hog1p kinase pathway and
hog1 mutants are defective in osmotic sensing (17, 18). A
C. elegans cDNA library was expressed in yeast hog1 mutants
with the reasoning that conserved components of the p38/JNK
pathways would rescue osmo-regulatory defects (19). This
strategy led to the identification of jnk-1 and jkk-1 as JNK and
its upstream MAPKK, respectively. jnk-1 and jkk-1 are
expressed in the nervous system (Fig. 1). Complete loss of func-
tion mutants of jkk-1 and jnk-1 exhibit normal growth and
nervous system architecture but display movement defects,
which was shown to be due to their function in GABAergic
inhibitory motor neurons (19, 20). Another study identified
mek-1 based on homology to MKK7 (21). Animals overexpress-
ing a phospho-mimetic activated form of MEK-1 displayed
behavioral phenotypes such as pharyngeal pumping defects,
uncoordinated movement, and defective egg laying. A mek-1
deletion mutant was generated using transposon mutagenesis,

and reported to enhance the feeding defects of several Eat
mutants, which are defective in pharyngeal pumping (21).
Recent analysis revealed that the original mek-1(ks54) mutant
strain contains a linked mutation in sek-1(qd127), a closely
related MAPKK,4 and this genetic background will be denoted
as mek-1(sek-1) throughout the text. Although the precise roles
of mek-1, jnk-1, and jkk-1 in locomotion and feeding remain to
be determined, these studies provide a glimpse of the function
of the C. elegans JNK kinase pathway in the nervous system.

P Granule Formation in Germ Cell Proliferation

A developmental role for KGB-1 (kinase and GLH-binding)
was identified in the germline of C. elegans. Germ cells and their
precursors contain RNA-protein complexes termed P granules,
which are important for fertility (22, 23). A key class of germline
granule proteins is the germline RNA helicase (GLH) family
(24). KGB-1 was initially identified in a yeast two-hybrid screen
for GLH-binding proteins (25). KGB-1 can bind and phosphor-

4 K. Reddy and D. Kim, personal communication.

FIGURE 1. The core p38 and JNK signaling cassettes from worm to human. The core MAPK signaling cassette consists of a MAPKKK/MAPKK/MAPK cascade.
Expression patterns were obtained from published in vivo translational or transcriptional reporters. Broad expression is defined as reporters that display activity
in three or more tissue types. Human orthologs are classified as defined in Ref. 98. Chr denotes the chromosome where the gene is located. ND denotes tissue
expression that has not been described. Ref denotes the publication that published the reporter analysis (19, 21, 27, 28, 31, 32, 84, 99, 100). * denotes genes that
exist in an operon.
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MAPK, whereas parallel pathways are denoted as MAPK, MAPK.
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ylate GLH-1, which leads to degradation of phosphorylated
GLH-1 (25, 26). A kgb-1 null mutant, obtained by targeted dele-
tion, showed extra germ cells, increased number of P granules,
and temperature-sensitive sterility (25). RNAi-mediated
knockdown of glh-1 in kgb-1 mutants partially rescued the P
granule number and temperature-sensitive sterility (26). These
studies suggest a model in which KGB-1 activity negatively reg-
ulates GLH-1 and the steady state level of P granules to main-
tain fertility. To date the specific MAPKKK or MAPKK
upstream of KGB-1 in P granule formation remains to be
determined.

Olfactory Neuron Specification

Roles for the p38 signaling pathway were first revealed from
screens focusing on the developing nervous system (27, 28).
One member of a pair of bilaterally symmetric AWC sensory
neurons expresses the str-2 odorant receptor in a stochastic
manner (29, 30). A mutagenesis screen was designed to identify
factors regulating AWC asymmetry. Analyses of mutants in
which str-2 was expressed in both AWC neurons revealed a loss
of function allele for nsy-1, the homolog of the mammalian
ASK1 MAPKKK (27). Based on a similar AWC phenotype, the
MKK3/6 sek-1 was subsequently placed downstream of nsy-1
(31). Although these early observations suggested that a p38
MAPK might act downstream of nsy-1 and sek-1, definitive evi-
dence was only recently provided when an unexpected finding
revealed functional redundancy of pmk-1 and pmk-2 (32). The
three pmk genes are encoded by a single polycistronic tran-
script (operon), precluding the generation of double mutants by
traditional genetic crosses. A strain with mutations in both
pmk-1 and pmk-2 was serendipitously identified in a screen
searching for suppressors of the pmk-1 loss of function pheno-
type following bacterial infection (32, 33). Double mutants of
pmk-1 and pmk-2 recapitulated the AWC phenotype of sek-1
and nsy-1 (32). These data provide a model where a NSY-1/
SEK-1/PMK-1 and PMK-2 cascade acts during neuronal devel-

opment to regulate AWC asymmetry (27, 32). Moreover, the
activation of this p38 kinase cascade is regulated in part by
calcium, via calmodulin kinase II, as well as the conserved pro-
tein TIR-1 (27, 31, 34). The mammalian ortholog of TIR-1,
SARM1, has been studied for its vital importance during axon
degeneration and has been shown to activate a MAPK cascade
following axon injury (35). In addition, PMK-1 and PMK-2
were shown to act redundantly downstream of TIR-1/NSY-1/
SEK-1 to induce TPH-1 expression in the ADF neuron follow-
ing exposure to bacteria (32, 36, 37).

Synapse Development

PMK-3 and its upstream regulators were similarly defined in
a neurodevelopmental context. The E3 ubiquitin ligase RPM-1
regulates synapse development such that rpm-1 null mutants
display disorganized synapses and reduction of synapse num-
ber (38, 39). To identify substrates for RPM-1, a large-scale
suppressor screen took advantage of a synthetic paralysis when
rpm-1(lf) was in combination with other synaptogenesis
mutants (28). Mutant worms that suppressed the synthetic
locomotor defect were isolated and shown to suppress the syn-
apse defects of an rpm-1 single mutant. Characterization of
these suppressors led to the identification of loss of function
mutations in dlk-1, mkk-4, and pmk-3. Genetic epistasis analy-
ses further supported that these three kinases constitute a lin-
ear DLK-1/MKK-4/PMK-3 pathway. Moreover, cell biological
and biochemical evidence showed that DLK-1 is a substrate of
RPM-1 (28). Subsequent studies of other suppressor mutations
led to the identification of two downstream targets, mak-2 and
cebp-1 (40). MAK-2 is the homolog of MAPKAPK2 (MK2), and
acts downstream of PMK-3. CEBP-1 is a member of the C/EBP
(CCAAT/enhancer-binding protein) transcription factor fam-
ily, and represents a novel transcription factor downstream of
MAK-2. During synapse development, the activity of this
PMK-3 kinase cascade is controlled through ubiquitin-medi-
ated degradation of DLK-1 by the RPM-1 E3 ubiquitin ligase.
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Overall, these studies show that distinct p38 and JNK MAPK
cascades regulate a diverse class of “normal” biological pro-
cesses during development and nervous system function (Fig.
2). The third JNK homolog KGB-2 shows 84% identity with
KGB-1. So far the only reported roles for KGB-2 are in excess
carbon dioxide (hypercapnia)-induced fertility defects and a
slight negative role in axon injury response (41, 42). Presently,
little is known about the function of the fourth JNK homolog
C49C3.10.

Uncovering Stress Pathways Involving p38 and JNK

The term “stress-response pathway” encompasses a wide
range of cellular functions that protect an organism against
harmful conditions. Types of stress include elevated tempera-
ture, toxin exposure, cellular damage, and infiltration by patho-
gens. Each type of stress has unique consequences and requires
a different repertoire of subcellular signaling pathways to prop-
erly buffer their effects. Although the upstream and down-
stream components differ, and often the specific MAPK cas-
cade varies, ultimately a MAPKKK/MAPKK/MAPK cascade is
activated to trigger specific cellular and organismic responses
(7). Studies in C. elegans have shed light on context specificity in
stress-activated MAPK signaling (Fig. 2). Below, we will high-
light how C. elegans has been used to characterize these MAPK-
dependent cellular responses in infection, axon injury, and
environmental stress.

Innate Immunity

Innate immunity, or host defense, is a mechanism that is
conserved across evolution for a host organism’s response to
pathogens (43). The functional conservation of immune
response in C. elegans has provided a powerful platform to rap-
idly screen genes and to dissect mechanisms regulating innate
immunity (44, 45). These studies have led to the discovery of a
myriad of novel signaling pathways associated with stress-acti-
vated MAPK activation and their downstream targets (46).

Bacterial Infection

It is fitting that the first investigation of innate immunity
using genetic screening in C. elegans yielded the association of
p38 signaling to a stress response (33). The human opportunis-
tic pathogen Pseudomonas aeruginosa causes an intestinal
infection and eventual death of the worm (47). This response
offers a simple screening strategy to identify genes involved in
protective mechanisms (33). Wild-type worms begin to suc-
cumb to infection at 34 h, and mutant worms with enhanced
susceptibility to P. aeruginosa (Esp) die between 16 and 30 h.
The death of the worms occurs after they become fertile adults,
and thus progeny can be salvaged and propagated to establish
strains. esp-2 and esp-8 mutations were found to affect sek-1
and nsy-1, respectively. pmk-1 mutants were also shown to
exhibit an Esp phenotype, although not identified in the screen.
Therefore following P. aeruginosa infection, a protective NSY-
1/SEK-1/PMK-1 pathway is activated. As mentioned earlier,
pmk-1 and pmk-2 function redundantly during olfactory neu-
ronal development (32). However, double mutants of pmk-1
and pmk-2 did not exacerbate the pmk-1 phenotype in the
intestine following infection. Interestingly, pmk-2 expression in

the intestine is under negative regulation by a set of microRNAs
via its 3�-UTR. Removing the 3�-UTR of pmk-2 caused its
expression in the intestine, which was sufficient to rescue the
Esp phenotype of pmk-1 mutants. The use of 3�-UTR elements
to regulate tissue-specific expression of pmk-2 provides a
mechanism that endows context specificity to p38 paralogs. A
recent study has revealed a similar regulatory theme utilizing
3�-UTR elements in cultured human cells (48).

Fungal Infection

The fungal pathogen Drechmeria coniospora infects
C. elegans by adhering to and penetrating its cuticle, resulting in
epidermal damage and ultimately organismal death (49). Stud-
ies of D. coniospora infection uncovered roles for the same p38
pathway used in the intestine following P. aeruginosa exposure
(50). To identify the factors that initiate the epidermal innate
immune cascade in vivo, a clever transcriptional reporter using
green fluorescent protein driven by the promoter of the antimi-
crobial peptide (AMP) gene nlp-29 was developed to detect
immune activity upon D. coniospora infection. Several Nipi (no
induction of peptide after Drechmeria infection) mutants were
identified, and found to affect the entire NSY-1/SEK-1/PMK-1
cascade (50). Through a series of elegant genetic experiments, a
G-protein-dependent cascade consisting of the �/� G-protein
subunits of GPA-12/RACK1 via EGL-8/TPA-1/TIR-1 (phos-
pholipase C, protein kinase C, and the Toll-1 interleukin recep-
tor domain adaptor protein) was shown to act upstream of
NSY-1/SEK-1/PMK-1 (51, 52). Following bacterial infection,
the protein kinase D ortholog, dkf-2, was shown to act upstream
of tir-1 to activate PMK-1 (53). In a subsequent study, the
G-protein-coupled receptor dcar-1 and 4-hydroxyphenyllactic
acid (HPLA) were identified as receptor and ligand upstream of
GPA-12 activation following fungal infection (54). HPLA is
generated by epidermal damage, rather than by the pathogen,
providing a link between the similarities in MAPK signaling in
wounding and infection (50, 55). These studies illustrate the
regulation of the context specificity of the same p38 MAPK
cascade in bacterial and fungal infection through different
upstream components.

Axon Injury

Neurons are subject to many kinds of stress and damage
throughout their lifetime. In the mammalian central nervous
system, injured axons lack the ability to regenerate, largely due
to a combination of inhibitory mechanisms involving both
intrinsic and extrinsic factors (reviewed in Ref. 56). C. elegans
neurons display a robust regeneration response following pre-
cise severing of single, stereotyped axons using a high-powered
laser (57, 58). Although axon regeneration is observed in most
neurons, the degree to which an axon regenerates is variable. To
define molecular mechanisms underlying axon injury-induced
stress, a large-scale axon regeneration screen using genetic
mutants was performed, revealing multiple conserved path-
ways (59). Among them is the DLK-1/MKK-4/PMK-3 cascade,
activation of which is necessary to initiate axonal regrowth (40,
60). As mentioned early, this p38 kinase cascade is tightly reg-
ulated by protein ubiquitination during synapse development
(28). Axon injury triggers rapid and transient calcium influx
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(61), which regulates DLK-1 activity via an auto-regulatory
mechanism involving protein isoform binding (62). As de-
scribed below, this same p38 kinase cascade has also been iden-
tified in studies of multiple neuronal insults.

Spontaneous Regrowth following Axon Fragility

In parallel to studies on laser-induced axon injury, p38 and
JNK MAPK cascades were also implicated in regeneration by
studies of unc-70/�-spectrin mutants (42, 63). Cytoskeletal
defects in unc-70 mutants make their axons, which frequently
break upon mechanical stress caused by animal movement,
fragile. The broken axons in unc-70 mutants can spontaneously
regrow (63). Taking advantage of the non-invasive nature of the
axon breaks, a large-scale RNAi screen targeting conserved
molecules was performed (42, 60). The initial studies revealed
dlk-1, acting through pmk-3, to be required at the time of injury,
where it regulates the formation of the growth cone, a special-
ized structure required for axon growth (60). Steered by these
observations, studies of additional genes from this screen
revealed the roles of a KGB-1/JNK kinase cascade, composed of
mlk-1, mek-1(sek-1), and kgb-1, in axon regeneration. Mutants
in this JNK pathway showed impaired axon regrowth to vari-
able degrees, with kgb-1 being most severe (64). The dual phos-
phatase vhp-1 is a negative regulator of both p38 and JNK sig-
naling (65, 66). Loss of function mutants of vhp-1 showed
improved regeneration (64). pmk-3 vhp-1 double mutants dis-
played a modest improvement in regeneration when compared
with pmk-3 alone, suggesting that increasing kgb-1 activity may
compensate for loss of pmk-3. Conversely, vhp-1 kgb-1 double
mutants regenerated quite well, indicating that pmk-3 appears
to better compensate for the loss of kgb-1 than vice versa. Thus,
axon regeneration provides a specific context in which both p38
and JNK exert their effects, albeit p38 being the predominant
MAPK.

Suppressors of vhp-1 Inform on Axon Injury

Null mutations in vhp-1 cause larval lethality, which can be
suppressed by null mutations in mlk-1, mek-1, kgb-1, dlk-1, or
pmk-3 (64, 65). A genome-wide RNAi screening approach was
undertaken to identify suppressor of vhp-1 (Svh) genes (67, 68).
svh-1 encodes a predicted extracellular protein with a structure
similar to that of the mammalian hepatocyte growth factor
(HGF) and macrophage-stimulating protein (MSP). svh-2
encodes a receptor tyrosine kinase homologous to the HGF and
MSP receptors. Because vhp-1 regulates MAP kinases in axon
regeneration, the function of svh-1 and svh-2 during this pro-
cess was examined (40, 60, 64). Loss of function mutants in
either gene showed impaired regeneration capacity, resembling
mlk-1 mutants (40, 60, 68). SVH-2 could bind MLK-1 but not
DLK-1 in vitro (68). svh-2 mutants also showed a marked
decrease in phospho-KGB-1. Thus, svh-1 and svh-2 likely pro-
vide a layer of specificity in controlling the KGB-1/JNK path-
way, independently of PMK-3 in axon injury response. How-
ever, recent evidence suggests that there may be crosstalk
between the KGB-1 and PMK-3 cascades, as the transcription
of svh-2 appears to be regulated by CEBP-1, a downstream fac-
tor of PMK-3 (69). The exact roles for transcriptional targets of
CEBP-1 during axon regeneration have yet to be determined.

Nonetheless, these studies implicate a growth factor as a poten-
tial intermediate between p38 and JNK kinase pathways during
axon regrowth.

Cellular Response to Damage to the Microtubule Cytoskeleton

Microtubule dynamics plays an important role in axon
regeneration in both C. elegans and vertebrate injury models
(59, 70, 71). The touch neurons PLM and ALM are microtu-
bule-rich and use specific microtubules to transmit mechanical
stimuli (72). Treatment with colchicine, a drug that can cause
microtubule depolymerization or damage to microtubule cyto-
skeleton, reduced overall gene expression in touch neurons
(73). To dissect how microtubule disruption and gene expres-
sion intersect, an elegant screen using a short-lived GFP
reporter was performed. Analyses of several Colchicine-resist-
ant (Cre) mutants identified dlk-1 and cebp-1. Loss of function
of pmk-3 showed a similar Cre phenotype, whereas mkk-4
mutants exhibited a much milder phenotype when compared
with pmk-3 or dlk-1, pointing to possible redundancy at the
MAPKK level (73). C. elegans MAPKK genes are clustered on
the X chromosome, complicating examination of double
mutant animals. Nonetheless, MAPKK redundancy may pro-
vide an interesting context specificity following colchicine
treatment, contrasting axon regeneration, which is strongly de-
pendent on mkk-4 (40).

Environmental Stress

The day-to-day life of any organism is stressful with a near
constant bombardment of environmental stresses ranging from
toxins, to nutrient availability, to temperature. All of these
stress paradigms have been studied extensively in vivo using
C. elegans as a model and have greatly informed on the biology
of these processes. Due to the vast literature on the subject of
environmental stress and C. elegans, we will focus on stress-
activated MAPK signaling in nutrient deprivation and oxidative
stress.

Nutrient Deprivation

Long-term nutrient deprivation or malnutrition has a detri-
mental impact on organismal viability. Paradoxically, it has
been shown that modest nutrient deprivation or dietary restric-
tion increases lifespan in vertebrate and invertebrate models
(74 –76). In C. elegans, lifespan and diet intersect via the insulin
signaling pathway, with mutants in genes such as the insulin
receptor daf-2 increasing lifespan (77–79). JNK signaling has
also been shown to regulate longevity and interact with the
insulin signaling pathway (80 – 82). Intermittent fasting (IF) is a
paradigm involving transient exposure to nutrient sources and
increases lifespan of wild-type C. elegans in an insulin signaling-
dependent manner (83). Mutants in kgb-1, but not kgb-2 or
jnk-1, abrogated IF-mediated lifespan increase (84). This lifes-
pan phenotype of kgb-1 was independent of previously reported
developmental/fertility phenotypes associated with P granule
formation. Phosphorylation of KGB-1, which was abolished in
mek-1(sek-1) mutants, was observed within 30 min of starvation
and maintained for 9 h. Single mutants in the MAPKKK’s mlk-1
and nsy-1 both exhibited partial suppression of IF-dependent
lifespan extension; however, double mutants of mlk-1 and nsy-1
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did not completely recapitulate kgb-1 mutants, suggesting addi-
tional upstream regulators. These observations support a
model where following nutrient restriction by intermediate
fasting, a KGB-1 cascade is required to mediate lifespan exten-
sion; however, regulation at the MAPKK and MAPKKK
remains to be determined. A major factor in nutrient depriva-
tion-induced changes in longevity is thought to stem from oxi-
dative stress produced as a byproduct of metabolism (85, 86).

Oxidative Stress

Oxidative stress is the result of accumulation of reactive oxy-
gen species (ROS), which in turn damage cellular constituents
(87). The activation of JNK signaling was shown to occur under
conditions of heavy metal stress (20, 21); however, the role of
stress-activated MAPK signaling following treatment with
compounds that induce ROS was unknown. Treatment of
worms with arsenite, a toxic ROS-producing compound,
induced a robust phosphorylation of PMK-1, induction of oxi-
dative stress-responsive genes, and eventual lethality (88). The
activation of PMK-1 following arsenite treatment was depen-
dent on SEK-1 but independent of NSY-1, differing from the
NSY-1/SEK-1/PMK-1 cascade used during infection and
osmotic stress (33, 50, 89). Both sek-1 and pmk-1 mutants
exhibited an enhanced sensitivity and lethality to arsenite treat-
ment and prevented the induction of gcs-1, an oxidative stress
reporter, in the intestine (88). pmk-1 mutants were not as sen-
sitive as sek-1 mutants, suggesting a potential redundancy in
MAPK usage. gcs-1 expression is predominantly regulated by
the transcription factor SKN-1, which translocates to the
nucleus of intestinal cells following oxidative stress (90). SKN-1
can be phosphorylated by PMK-1 in vitro, and this phosphory-
lation is pivotal for its nuclear localization in vivo, as nuclear
localization of SKN-1 was significantly impaired in sek-1 and
pmk-1 mutants (88). Under another stress context, the nuclear
localization of SKN-1 was shown to occur in an NSY-1/SEK-1/
PMK-1-dependent manner in the intestine following bacterial
infection (91). The upstream adaptor protein TIR-1 was dis-
pensable for SKN-1 localization, which contrasts its require-
ment for organismal viability after P. aeruginosa exposure (52).
In addition to SKN-1, following infection, PMK-1 was shown to
phosphorylate and activate the transcription factor ATF-7 (92).
These studies show that unique upstream components activat-
ing PMK-1 induce SKN-1 activation following toxin and bacte-
rial exposure.

Emerging Roles for Stress-activated MAPK Signaling

The evolution of C. elegans as a model system has seen the
analysis of complex behavioral and cell-specific processes.
Recent studies have uncovered additional roles of stress-acti-
vated MAPK cascades in multiple behaviors and cellular func-
tion, with cell type- and behavior-dependent modification. For
example, the avoidance of high CO2 environments and patho-
gens was shown to be mediated by MOM-4/MKK-4/PMK-3 in
the BAG neuron (93). In contrast, the aversive reaction to
microbial exposure is mediated by a MLK-1/MEK-1(SEK-1)/
KGB-1 pathway (94). Olfactory memory in C. elegans allows for
the association of cues with positive or negative experiences.
The loss of these memories was shown to proceed through

UNC-43/TIR-1/NSY-1/SEK-1/JNK-1 (95). Interestingly, olfac-
tory learning is mediated in part by the AWC neurons, which
use a similar pathway during development (27, 96). Advances in
microscopic techniques have also allowed for the study of sub-
cellular processes and structures that were previously not pos-
sible in the worm. In a screen for mutants defective in dye fill-
ing, DLK-1/PMK-3 were identified to affect cilia length, via
regulation of RAB-5 endosomes (97). The MAPKK(s) acting
between DLK-1 and PMK-3 in this role remains to be identified.

Future Perspectives

Forty years out from the first published screen in C. elegans
(1), the use of forward genetics remains a powerful approach to
dissect biological processes at both the organismal and the cel-
lular level. Specifically, the use of C. elegans models including
infection, axon injury, and environmental stress has revealed
stress-associated MAPK signaling components. However,
there is still much to be understood about how these pathways
truly function in vivo. A resounding theme in both non-stress
and stress conditions is the context-specific nature for these
pathways (Figs. 2 and 3). Recent studies have highlighted
redundancy and crosstalk between p38 and JNK signaling com-
ponents that may play an important role in regulating their
context specificity (32, 64). Moreover, functions have yet to be
revealed for several MAPK cascade components. For example,
the roles of kgb-2 have yet to be associated with any biological
process, and it may function as a safeguard in the JNK cascade.
CRISPR/Cas9-mediated genome editing (where CRISPR stands
for clustered regularly-interspaced short palindromic repeat)
can now be employed to manipulate potential redundant MAP-
KKs that all clustered on the X chromosome. Teasing apart
unique cell type- and stress-specific aspects of MAPK signaling
pathways will help inform on their overall roles, with hopes that
C. elegans continues to serve as a platform to translate mean-
ingful in vivo findings into relevant interventions for human
conditions that exhibit de-regulated MAPK signaling.
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The discovery of a handful of conserved signaling pathways
that dictate most aspects of embryonic and post-embryonic
development of multicellular organisms has generated a univer-
sal view of animal development (Perrimon, N., Pitsouli, C., and
Shilo, B. Z. (2012) Cold Spring Harb. Perspect. Biol. 4, a005975).
Although we have at hand most of the “hardware” elements that
mediate cell communication events that dictate cell fate choices,
we are still far from a comprehensive mechanistic understand-
ing of these processes. One of the next challenges entails an
analysis of developmental signaling pathways from the cell biol-
ogy perspective. Where in the cell does signaling take place, and
how do general cellular machineries and structures contribute
to the regulation of developmental signaling? Another chal-
lenge is to examine these signaling pathways from a quantitative
perspective, rather than as crude on/off switches. This requires
more precise measurements, and incorporation of the time ele-
ment to generate a dynamic sequence instead of frozen snap-
shots of the process. The quantitative outlook also brings up the
issue of precision, and the unknown mechanisms that buffer
variability in signaling between embryos, to produce a robust
and reproducible output. Although these issues are universal to
all multicellular organisms, they can be effectively tackled in the
Drosophila model, by a combination of genetic manipulations,
biochemical analyses, and a variety of imaging techniques. This
review will present some of the recent advances that were
accomplished by utilizing the versatility of the Drosophila
system.

A New View on Wnt Signaling: Notum

Wnt proteins control the fine balance between differentia-
tion and proliferation, most notably in stem cell niches (2).
Tight regulation of Wnt activity is thus essential. A recent study
from the lab of J. P. Vincent identified a mechanism to attenu-
ate Wnt activity through its associated acyl group (3). Covalent
attachment of an acyl group to Wnt is mediated by the multi-
pass transmembrane protein Porcupine. Once attached, the
acyl group provides a molecular handle to associate with the
Wntless protein that mediates Wnt trafficking for secretion.
The same acyl group then serves as an essential module in rec-
ognition of Wnt by the Frizzled receptor.

Notum was originally identified in flies as a secreted protein
that functions to attenuate Wnt signaling, but its mechanism of
action and the basis for its specificity toward Wnt were debated.
Structural analysis of the human and fly Notum protein dem-
onstrated that it has a specific pocket that can fit the acyl group
attached to Wnt, but not other acyl groups. Furthermore, it has
an overall structure of a hydrolase enzyme. In fact, Notum spe-
cifically removes the acyl group bound to Wnt, thus rendering it
biologically inactive (3). This work provides the mechanistic
basis for the specific attenuation of Wnt signaling by Notum.
Because modification of Wnt by acylation is the basis for its
normal trafficking and association with the receptor, elimina-
tion of this modification by Notum provides an effective way to
modulate its activity (Fig. 1).

Cytonemes and Nanotubes

Because developmental cell communication is triggered by
secreted proteins, the way in which these proteins are presented
to their respective receptors, for both short-range and long-
range signaling, has far-reaching implications on the subse-
quent signaling steps. Live imaging studies from a variety of
systems point to the surprising observation of long and slender
actin-based cellular extensions (termed cytonemes) that ema-
nate from epithelial cells (4). The work of Tom Kornberg’s lab
over the years has argued that these structures provide direct
contacts between communicating cells, even ones that are posi-
tioned several cell diameters away. Furthermore, Kornberg
argued that the contact points can be regarded as signaling
synapses, where a ligand from one cell is loaded on receptors in
the adjacent cell (5). The Kornberg lab presented evidence indi-
cating that different cytonemes emanating from the same cell
make contact with distinct signaling sources, and accordingly,
carry discrete receptors. One tissue where these features were
particularly prominent was in the tracheal air sac of the Dro-
sophila larva, where separate contacts are made with underly-
ing cells producing bone morphogenetic protein (BMP) or FGF
(6).

The physical cytoneme-mediated contact between adjacent
cells was clearly demonstrated by complementary expression of
split GFP (6). In this experiment, cells at the source of the signal
express one part of GFP on the cell surface, and cells at the
receiving end express the complementary segment. At the sites
where the two cell types make a synapse-like physical contact,
the two parts of GFP have the capacity to associate and give rise
to fluorescence.

However, the key question was whether these cytonemes
actually have a role in transmitting the activating ligands at the
“synapse.” Toward this end, the Kornberg lab identified a class
of cell adhesion proteins that are not required for cytoneme
growth, but are essential for their tight contact with the target at
the “synapse.” When the contact was abolished by knockdown
of the cell adhesion protein Capricious, activation of the signal-
ing cascade in the receiving cells was compromised, highlight-
ing the important role of cytonemes in signal transduction (6).
Although the function of cytonemes in mediating short-range
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interactions over several cell diameters is more intuitive, it is
puzzling to consider how they may mediate long-range activa-
tion in a scenario of a morphogen gradient. A novel mechanism
for gradual reduction of signaling levels in cells that are farther
away from the morphogen source would be required to shape
the graded response of the cells in the field.

In other biological contexts, cell extensions may fulfill an
opposite role, to restrict the range of ligand distribution. The
stem cell microenvironment of the Drosophila ovary and testes
(termed niche) provides an extreme case, where the germline
stem cells that are in direct contact with the niche receive high
levels of the bone morphogenetic protein ligand Dpp, whereas
the next cell row makes the switch to the transit-amplifying
population and initiates differentiation. A variety of mecha-
nisms have been demonstrated to reduce the effective diffusion
of Dpp to facilitate this switch. They include trapping of Dpp by
the extracellular matrix and a bistable translational switch for
the translation of the Dpp cascade components (7). Still, it is
difficult to perceive how these mechanisms would work to
restrict the diffusion of Dpp to a single cell row. Again, cell
extensions come to the rescue.

In the male testis, the extensions emanate from the germline
stem cells toward the niche and are microtubule-based (termed
nanotubes). The capacity of the stem cells to take up Dpp and
maintain their non-differentiated state depends on the pres-
ence and thickness of the nanotubes (8). The inability of adja-
cent cells that do not produce nanotubes to receive the Dpp
signal strongly suggests that the nanotubes provide the conduit
for efficient and highly targeted delivery of this cardinal ligand.

Dynamic FGF Ligand Presentation in the Trachea

In many signaling scenarios, the dynamic expression and
presentation of the ligand to a ubiquitously expressed receptor
provide the spatial and temporal cues for developmental signal-
ing cascades (1). One of the champion ligands in this regard is
the Drosophila FGF Branchless (9), which activates the FGF
receptor Breathless (10). While Breathless is broadly expressed
in all tracheal cells, it is the dynamic expression of Branchless
that shapes the structure of the trachea throughout the life cycle
of the fly. During embryogenesis, the dynamic and stereotyped
expression of Branchless in cells and tissues adjacent to the

trachea, which is driven by spatio-temporal developmental
cues, attracts the tips of the growing tracheal branches (9). In
contrast, during the larval phase, the expression of Branchless is
triggered by metabolic signals, attracting the migration of
extending secondary branches toward hypoxic tissues (11).

The Krasnow lab has recently demonstrated how dynamic
Branchless expression directs two additional phases of tra-
cheal remodeling. During metamorphosis, the larval tracheal
branches decay, and the tracheal system is remodeled by newly
formed branches. However, the scaffold of the decaying
branches shapes the pattern of the new branches. It turns out
that in this scenario and in contrast to other cases, Branchless is
dynamically expressed within the decaying larval tracheal sys-
tem itself, ahead of the migrating new progenitor tracheal cells
(12). Thus, the stereotyped pattern of the larval tracheal system
is preserved and passed on to the newly formed adult system.

The subcellular distribution of Branchless protein turns out
to be instructive for tracheal extensions into the muscle tissue
during metamorphosis. Mature flight muscles contain T-tu-
bules, which are extended invaginations of the muscle mem-
brane that connect the cell surface with mitochondria that
are positioned adjacent to the contracting sarcomeres. The
trachea that extend into the muscles invade the tissue
through the T-tubules, to reach the vicinity of the mitochon-
dria and facilitate efficient oxygen delivery. However, how are
the tracheal branches targeted through this intricate route into
the muscle? The Krasnow lab has demonstrated that prior
to the tracheal invasion of the muscle, the subcellular locali-
zation of Branchless within the muscle loses its broad surface
distribution and becomes restricted to the T-tubules, which are
rich in basolateral proteins (13). Thus, a switch in intracellular
protein targeting of Branchless at the critical time is responsible
for the altered migration route of the trachea.

Quantitative Dynamic Signaling Analysis

Development is a dynamic process, where the time element
plays a key role. However, many of the analyses rely on prepa-
rations of fixed embryos, where different staining protocols
provide “snapshots” of a dynamic process. Although the com-
pilation of these snapshots simulates the dynamic processes,
the precise timing and the ability to monitor the effect of subtle
modifications on timing remain ambiguous. To address this
challenge, the Shvartsman group has generated a platform that
combines information from live embryos where the time axis is
precise, with fixed images. Alterations in the structure of the
nuclei during embryonic development, as well as other mor-
phological features, are extracted from a movie of live embryos.
These features are then used to place fixed snapshots reliably
into the dynamic process (14). This allows the incorporation of
multiple parameters into the same platform. When the assays
are quantitative, they also permit the investigation of a dynamic
process from a quantitative standpoint.

The approach was applied to study the early activation phase
of MAP kinase in the Drosophila embryo. Dual phosphoryla-
tion of MAPK is a universal consequence of activation by dif-
ferent receptor tyrosine kinases (RTKs), and displays a highly
dynamic pattern throughout development. In the Drosophila
embryo, each aspect of MAPK activation can be attributed to a

FIGURE 1. Scheme of Wnt modification by Porcupine, trafficking by Wnt-
less, and inactivation by Notum. Only Wnt that is associated with palmito-
leic acid can be trafficked by Wntless, bind, and activate the Frizzled receptor.
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single receptor tyrosine kinase (15). In the early embryo, MAPK
is induced in two lateral stripes by the EGF receptor, which
leads to the induction of target genes such as ind, which is
required for specification of neuroblast cell fates. In this case,
transient production of a short-range ligand leads to a simple
signal interpretation system, where a pulse of a given threshold
is sufficient to induce the target gene. This hypothesis could be
tested in a mutant background where the rate of activation is
reduced, and induction of the target gene is indeed delayed
until the same critical active MAPK threshold is reached (16).

Coordination of Patterning and Growth

In many tissues, patterning takes place in parallel to growth.
In one of the best studied models, Dpp expressed in a stripe at
the center of the wing disc serves as the morphogen source and
spreads to neighboring cells up to 30 cell diameters away. The
role of graded Dpp distribution in patterning different regions
of the wing disc has been well characterized (17, 18). On the
other hand, it was noted that at the same time Dpp is also nec-
essary for cell proliferation, but the proliferation rates were
similar throughout the wing pouch. Extensive efforts and dif-
ferent models have been put forward to explain how graded
Dpp signaling can lead to uniform proliferation (19).

Two recent studies utilized new techniques to critically
assess the role of the central Dpp stripe in cell proliferation. The
Gibson lab has generated a CRISPR-based2 conditional null
background of Dpp at the stripe in the third instar larva.
Although patterning is abolished, surprisingly proliferation
ensues, suggesting another source of Dpp for proliferation (20).
The Affolter lab has generated membrane-tethered “nanobod-
ies” that trap diffusible Dpp on the surface of the disc and elim-
inate its graded distribution. Again, although patterning is lost,
proliferation is retained (21).

Coordination between patterning and growth also takes
place at a higher level, where local signals provide graded pat-
terning cues, whereas nutrient-dependent systemic signals
facilitate scaling and coordination of organ growth. The final
element in the Hippo/Warts pathway is represented by the
transcription factor Yorkie, whose entry into the nucleus is
highly regulated and induces organ growth. The Struhl lab has
shown that the TOR pathway feeds into growth of the wing disc
at the level of Yorkie, but utilizes a novel mechanism. After
Yorkie enters the nucleus, TOR signaling facilitates the capacity
of Yorkie and its cofactor Sd to access their target genes. Upon
nutrient deprivation, when the TOR pathway is inactive,
although Yorkie accumulates in the nucleus, it is sequestered
from its target genes (22). This mechanism contributes to scal-
ing of wing size with nutrient availability.

Synthetic Screens Identify Drug Targets

Cultured Drosophila cells provide an effective platform for
cell-based screening of signaling pathway components and
their regulation. These cells are especially suited for RNAi
screens because they readily take up large double-stranded
RNA fragments. Over the past decade, these screens have

yielded a wealth of information and provided a new glimpse
into the pathways that complemented the data obtained from
whole animal studies. However, RNAi treatment results in a
variable phenotype, such that when synthetic screens are con-
sidered to look for the effects of loss of genes in the background
of an absence for another gene, the readouts may be ambiguous.

To overcome this problem, the Perrimon lab has combined
CRISPR-based gene knockout with RNAi screens. By creating a
uniform null background following genetic inactivation of the
primary gene, these cells can now serve as a platform to query
the effect of different RNAi molecules. Such a screen was car-
ried out for the tuberous sclerosis complex, representing a fam-
ily of tumor suppressors. Following elimination of the TSC1 or
TSC2 genes, the cells were queried by RNAi screens directed at
all kinases and phosphatases. Synthetic interactions reducing
cell growth were identified with three candidate genes (23).
Identification of interacting genes significantly broadens the
range of potential drug targets that could be used and raises the
possibility that there may already be approved drugs against
some of the interacting genes that were identified by the screen.

Dynamic Transcription Live!

Analysis of transcription serves as one of the cornerstones in
our understanding of development. Until recently, this analysis
was based on RNA in situ hybridization carried out on fixed
tissues. The limitations of this technique include the threshold
sensitivity of detection only when sufficient levels of mRNA
accumulate, and the ability to monitor mRNA accumulation in
snapshots but not the actual transcription. These limitations
have now been overcome by the application of the technology
of MS2 RNA stem-loop structures and binding of MS-2 coat
protein (MS2-CP-GFP) protein. When the 5�-UTR of a gene is
tagged with multiple MS2 loops, every nascent transcript can
bind the MS2-CP-GFP protein in the course of transcription.
The presence of multiple nascent transcripts along a gene gives
rise to a fluorescent dot in the nucleus, which can be detected in
fixed or live tissue. The most remarkable aspect is the ability to
detect transcription live. In addition, the actual quantitative
features such as synchrony between cells and the intensity of
the dot can be used to determine the density of active RNA
polymerase II complexes, and hence the magnitude of tran-
scription (24, 25).

This technology has recently been used by the Levine and
Gregor groups to ask how the organization of enhancers, most
notably “shadow” enhancers that provide a backup system,
impinges on the rate of transcription in vivo. Following the
actual transcription rather than the accumulation of mRNA
demonstrates that in syncytial embryos, transcription of key
genes such as snail actually starts several nuclear division cycles
before the mRNA accumulates. In the case of genes that carry
two strong enhancer elements, removal of one of the enhancers
elevated the level of transcription because less time was
“wasted” on a switch between the two enhancers. On the other
hand, for genes that carry enhancers of moderate strength, two
enhancers were more effective than a single one, because the
combined occupancy time was higher (26).

In conclusion, the wealth of information on developmental
signaling pathways and their components now brings us to an

2 The abbreviations used are: CRISPR, clustered regularly interspaced short
palindromic repeats; TOR, target of rapamycin.
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era where deep understanding of their mechanism of action can
be obtained. It is especially exciting to see how the fundamental
and conserved signaling cascades can be tweaked to accommo-
date the specific requirements of the different organs. This
modulation is carried out in conjunction with cellular machin-
eries, which allows the organism to tailor the canonical path-
ways to the unique biology of each and every tissue.
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The �-arrestins (�arrs) are versatile, multifunctional adapter
proteins that are best known for their ability to desensitize G
protein-coupled receptors (GPCRs), but also regulate a diverse
array of cellular functions. To signal in such a complex fashion,
�arrs adopt multiple conformations and are regulated at multi-
ple levels to differentially activate downstream pathways.
Recent structural studies have demonstrated that �arrs have a
conserved structure and activation mechanism, with plasticity
of their structural fold, allowing them to adopt a wide array of
conformations. Novel roles for �arrs continue to be identified,
demonstrating the importance of these dynamic regulators of
cellular signaling.

�-Arrestins (�arrs)2 are ubiquitously expressed proteins that
were first described for their role in desensitizing G protein-
coupled receptors (GPCRs) (1). We now appreciate that these
proteins are multifunctional adapter proteins that regulate a
vast array of cellular functions. �arrs were identified through
their sequence homology to visual arrestin (arrestin-1), so
named because of its ability to “arrest” rhodopsin signaling in
the retina (2). There are two �arr isoforms, �-arrestin1 and
�-arrestin2 (also denoted as arrestin-2 and arrestin-3, respec-
tively). Both are expressed ubiquitously and share 78%
sequence homology (3). �arrs are highly conserved across spe-
cies, with �50% sequence homology between vertebrates and
invertebrates. The other arrestins are expressed in the eye:
arrestin-1 (visual arrestin) and arrestin-4 (cone arrestin) (4).
There are other proteins, termed �-arrestins or arrestin
domain-containing proteins, that share the arrestin structural
fold and are involved in receptor endocytosis, although the full
breadth of their functions is still emerging (5). Similar to arres-
tin’s function in the visual system, �arrs were first identified for
their capacity to desensitize �2 adrenergic receptor (�2AR) G
protein signaling following agonist stimulation (1). Through a
number of investigations, it became apparent that the two �arr

isoforms shared the capability to interact with activated
GPCRs, but that they differed in terms of their expression pat-
terns, their specificity for different GPCRs, and their functional
effects (6). We now appreciate that the �arrs regulate a diverse
array of cellular processes including MAPK signaling, receptor
transactivation, receptor trafficking, and transcriptional regu-
lation in addition to the canonical roles of GPCR desensitiza-
tion and internalization (7, 8). These studies have revealed the
current spectrum of �arr-mediated cell processes downstream
of GPCRs (Fig. 1).

Distinct and Overlapping Roles for the �arrs

�arr1 and �arr2 knockouts are phenotypically normal and
produce viable progeny, but these mice display abnormal
responses to physiologic stresses (9, 10). This suggests a com-
pensatory ability for each isoform. Nevertheless, important dif-
ferences between �arr isoforms are present (11). Although both
accumulate in the cytoplasm following overexpression, �arr1,
but not �arr2, accumulates in the nucleus. Although both �arr1
(418 amino acids) and �arr2 (410 amino acids) have nuclear
localization sequences on their N termini, only �arr2 has a
nuclear export sequence located on its C terminus, thereby
accounting for differences in nucleocytoplasmic shuttling (12).
�arr1 and �arr2 scaffold to different signaling pathways; how-
ever, this is often cell type- and receptor-specific. �arr2, but not
�arr1, is known to be necessary for creating a signaling that
activates JNKs (13). �arr1 and �arr2 can “reciprocally regulate”
signaling at certain receptors; that is, one isoform increases
pathway-specific signaling, whereas the other isoform inhibits
signaling. Reciprocal regulation is observed in the type 1 angio-
tensin II receptor (AT1R), where siRNA knockdown of �arr2
attenuates ERK signaling, whereas knockdown of �arr1 poten-
tiates ERK signaling (14). However, at other receptors such as
the �2AR and the type 1 parathyroid hormone receptor
(PTH1R), knockdown of either �arr1 or �arr2 decreases ERK
signaling (15, 16). In addition, growing evidence suggests that
the kinetics of �arr-mediated signaling is tissue-dependent
(17). Adding to the complexity, the functions of �arrs appear to
be strongly influenced by their cellular environment, such as
the presence or absence of critical signaling partners such as G
protein receptor kinases (GRKs) (18).

�arr Post-translational Modifications

Post-translational modifications are critical to �arr signaling
and trafficking. �arr1 and �arr2 are constitutively phosphory-
lated, and both require C-terminal dephosphorylation for tar-
geting internalized receptors to clathrin. The phosphorylation
site differs between �arr isoforms (Ser412 for �arr1, Ser361 and
Thr383 for �arr2) (19). However, dephosphorylation of �arrs is
not required for desensitization of G protein signaling. Differ-
ential trafficking of �arr isoforms often controls the kinetics of
desensitization, as well as if or when a receptor is recycled back
to the membrane surface. Dephosphorylation of �arrs follow-
ing receptor activation is necessary for full functionality,
including receptor internalization and �arr-mediated MAPK
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signaling. Covalent modification of �arr with ubiquitin (ubiq-
uitination) results in sustained �arr�GPCR complexes and pro-
longed MAPK activity. Ubiquitination of a GPCR is necessary
for receptor degradation, and ubiquitination of �arrs is neces-
sary for GPCR internalization (20). Different patterns of �arr
ubiquitination (especially at Lys11 and Lys12) result in changes
in receptor trafficking (see below) and the ability to scaffold
signalosomes (21). Other reported modifications that regulate
�arr function are S-nitrosylation (22) and SUMOylation (23),
and it is likely that �arrs are modified in other, yet unexplored,
ways that impact their functions.

Desensitization

Receptor desensitization is the process by which repeated
stimulation of a GPCR results in a decreased response over
seconds to minutes. This is in contrast to down-regulation, the
process underlying decreased signaling that occurs over hours.
Receptor-dependent activation of heterotrimeric G proteins
induces dissociation of G� and G�� subunits, promoting their
interactions with effector proteins that lead to downstream sig-
naling. Desensitization of GPCR signaling requires a coordi-
nated response by GRKs and �arrs (24). The first functional
effect noted in the arrestin family was the desensitization of G
protein-mediated signaling by rhodopsin (2). G protein signal-
ing inhibition was soon recognized as a function of �arrs in
tissues outside of the visual system, and inhibition of G protein-
mediated signaling was the primary function assigned to �arrs
until the mid-1990s. �arrs are thought to quench G protein
signaling by sterically inhibiting the G protein interaction at the
second (ICL2) and third (ICL3) intracellular loops of a GPCR (6,
25). This steric hindrance uncouples GPCRs from the G protein
signal transduction process, which results in desensitization of
second messenger pathways (26).

Phosphorylation of the cytoplasmic elements of GPCRs is
critical for �arr recruitment and receptor desensitization (2, 24,
27, 28). GPCR phosphorylation can be targeted directly to
intracellular regions of the ligand-bound receptor complex (ho-

mologous desensitization) or to multiple GPCRs throughout
the cell (heterologous desensitization). Heterologous desensiti-
zation is often mediated by PKA or PKC (29). In homologous
desensitization, phosphorylation of the GPCR intracellular res-
idues is predominately mediated by GRKs (28). There are seven
GRK isoforms: GRK1 and GRK7 are confined to the visual sys-
tem, GRK2, GRK3, GRK5, and GRK6 are ubiquitously
expressed, and GRK4 is expressed primarily in the reproductive
tract (30). Importantly, phosphorylation of GPCRs appears to
be absolutely required for desensitization. Elimination of
intracellular phosphorylation, either by using phosphorylation-
deficient receptor mutants or by co-transfecting a dominant-
negative GRK, abolishes �arr recruitment, desensitization,
and internalization (27, 31). This process occurs sequentially, as
�arr binding requires both ligand-induced conformational
change in the GPCR and GPCR phosphorylation (32). Because
GRK-mediated phosphorylation of receptors is often the rate-
limiting aspect of receptor desensitization, it can dominate the
kinetics of �arr binding to receptors in intact cells. Heteroge-
neity in the phosphorylation sites is a second source of com-
plexity, because GRK-mediated phosphorylation occurs not
only at the C-terminal tail of the receptor (e.g. rhodopsin and
the �2AR) but also at many other intracellular sites, most nota-
bly ICL3 (e.g. �2 adrenergic receptor (33) and M2 muscarinic
receptor (34)).

Trafficking

For a number of GPCRs, �arrs function as adapters to target
receptors to clathrin-coated pits through its scaffolding of AP-2
and clathrin (35). Many, but not all (36 –38), GPCRs appear to
require �arrs for internalization. The recruitment of �arr2 for
its receptors can be modified by mutation of selected “receptor
discriminator” residues (39). Receptors that follow the clathrin-
dependent endocytic pathway are internalized in clathrin-
coated pits in a dynamin-dependent fashion (40). �arrs scaffold
multiple protein regulators including ARF6 (41) and n-ethyl-
maleimide-sensitive fusion protein (42), which are implicated
in �arr-mediated receptor internalization. Once internalized,
the receptor continues to tubulovesicular early endosomes.
Here, receptors are sorted to either recycling endosomes, which
return GPCRs to the plasma membrane, or multivesicular late
endosomes, which traffic receptors to lysosomes for degrada-
tion (7). Some GPCRs internalize in the absence of �arrs, but
require them for recycling (43).

GPCRs that traffic through the clathrin-dependent endo-
cytic pathway can be divided into two groups, class A and B,
based on the characteristics of agonist-dependent �arr binding
(44). �arrs facilitate the desensitization and internalization of
both receptor classes. Class A receptors, such as the �2 adre-
nergic receptor, bind �arr2 with greater affinity than �arr1.
Class B receptors, such as the V2 vasopressin receptor, bind
�arr2 and �arr1 with approximately equal affinities. In class A
interactions, receptors internalized in membrane vesicles
remain at the cellular surface, and �arrs dissociate from the
receptor at or near the plasma membrane. In class B interac-
tions, �arrs form a long-lived complex with the receptor and
traffic into endosomes. Class A receptors are associated with
transient �arr ubiquitination, and class B receptors are associ-

FIGURE 1. The spectrum of �arr-mediated signaling. �arrs regulate a wide
array of pathways downstream of GPCRs (see text). PDEs, phosphodies-
terases; EGFR, EGF receptor; PP2A, protein phosphatase 2A; TRP, transient
receptor potential.
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ated with stable �arr ubiquitination. Notably, class A patterns
can be switched to class B by covalently linking ubiquitin to
�arr or by switching the C terminus of the receptor to that of a
class B receptor (20). Differential phosphorylation by GRKs and
other kinases also regulates the receptor-�arr interaction (45).
These changes in receptor and �arr post-translational modifi-
cations appear to be ligand-dependent, as different ligands
binding to the same receptor can result in class A or B patterns.
In addition to ligand-stimulated receptors, constitutively active
receptors that internalize in the absence of ligand appear to rely
on �arrs for trafficking (46). �arrs can also traffic receptors to
distinct areas of the cell, such as �arr translocation of Smooth-
ened (Smo) during Hedgehog pathway activation. Once
formed, this �arr�Smo complex localizes to the primary cilia,
where the complex activates Gli transcription factors (47).

Signaling

It is now appreciated that in addition to regulating receptor-
stimulated G protein signaling, �arrs are also capable of initiat-
ing distinct signaling patterns (48). These signaling patterns are
often both spatially and temporally distinct from G protein-
mediated signaling, and result in unique cellular, physiological,
and pathophysiological consequences. In addition to differen-
tial trafficking, �arrs also scaffold MAPKs, including ERK1/2.
Both G proteins and �arrs mediate ERK1/2 activation, but
through distinct mechanisms. Recruitment of �arrs sterically
inhibits G protein interaction with the active receptor, thus
quenching the rapid G protein-mediated phase of ERK activa-
tion. Sometimes G protein-mediated ERK activation can also
include a slow phase (49), so kinetics alone cannot distinguish
between G protein- and �arr-mediated ERK signaling. Sepa-
rately, �arr scaffolds Raf-1, MEK1, and ERK, thus serving to
sequester ERK in the cytosol (50). Seclusion of phosphorylated
ERK1/2 in the cytosol precludes ERK-mediated transcription
and prolongs ERK signaling. Similarly, �arr2 scaffolds JNK1/2
with its upstream kinases MKK4 and MKK7, which phosphor-
ylate different residues in its activation loop (13). Activation of
p38 signaling cascades is also �arr-dependent, although a direct
scaffolding complex of �arr and p38 has not been elucidated
(51, 52). Modified �arrs have also been reported to signal to
kinases independently of GPCRs (53).

Ubiquitination is now appreciated to regulate not only pro-
tein degradation, but also protein signaling. In addition to being
ubiquitinated themselves, �arrs act as adapters for multiple E3
ubiquitin ligases. Complexes containing �arr and E3 ligases are
essential for mediating aspects of ubiquitin-dependent signal-
ing. For example, �arrs are critically involved in ubiquitination
of receptors, acting on late endosomal populations as a lyso-
somal degradation signal for the receptor. More broadly, �arrs
act as adapters for several E3 ligases that catalyze ubiquitina-
tion, such as Mdm2. Mdm2 ubiquitination of �arr2 is required
for clathrin-mediated internalization of the �2AR (54), whereas
the E3 ligase AIP4 is necessary for sorting of CXCR4 to early
endosomes and then lysosomes (55). Endosomal sorting of
CXCR4 also requires �arr1 interaction with STAM-1, part of
the endosomal sorting complex required for transport
(ESCRT-0) machinery (56). �arrs are also regulated by deubiq-
uitinating enzymes such as the ubiquitin-specific protease

USP33 (57, 58), thus providing a mechanism for coordinating
receptor recycling and resensitization. Interestingly, evidence
suggests that receptor post-translational modification can
influence later signaling events, either by catalyzing additional
post-translational modifications or by controlling downstream
signaling pathways (55, 59).

A number of other signaling pathways have been demon-
strated to be regulated by �arrs. The transactivation of EGF
receptor by GPCRs can be regulated by �arrs, through the acti-
vation of a transmembrane matrix metalloprotease that cleaves
membrane-bound EGF ligand (60). �arr2 can inhibit NF-�B
signaling through stabilization of I�Ba (61). �arr1 can directly
influence epigenetic modifications through nuclear interaction
with histone acetylases and deacetylases that influence chroma-
tin structure (62). There are now even examples of �arr-medi-
ated G protein signaling. �arrs promote G protein signaling by
the type 1 parathyroid hormone (63) and V2 vasopressin recep-
tor (64) from endosomes, an effect that is lost with �arr knock-
down. The �2AR has also been noted to maintain an active
conformation that can signal through G proteins to generate
cAMP from endosomes (65). These findings suggest that �arr
trafficking of receptors to endosomes results in a receptor that
is still capable of activating G proteins. This signaling appears to
be mediated by a complex of receptor��arr�G protein (63),
direct evidence of which would fully overturn the classic para-
digm of �arrs as “arresting” G protein signaling.

�arr-biased Agonism

Following the discovery of �arr-mediated signaling came the
observation that some ligands are capable of selectively signal-
ing through �arrs while blocking signaling through G proteins.
This is an example of biased agonism, also referred to as func-
tional selectivity, which is the ability of certain agonists to signal
through different pathways of a GPCR with different efficacies
(66). Strongly biased agonists activate one pathway while com-
pletely blocking signaling through others, whereas partially
biased agonists may strongly signal through one pathway while
weakly signaling through another. Biased agonism between dif-
ferent G proteins has been appreciated for 30 years (67), and the
discovery of �arr-biased agonism resulted in renewed interest
in this area (66). Biased agonism changes the classical models of
receptor theory associated with single active and inactive
receptor conformations to one with multiple receptor confor-
mations. Although balanced ligands stabilize the conforma-
tions that are competent for signaling to all downstream path-
ways, biased ligands stabilize only those conformations that are
capable of promoting a subset of downstream signaling effec-
tors. For example, ligands can show bias for either G protein-
mediated (G protein-biased) or �arr-mediated (�arr-biased)
signaling (Fig. 2). This is necessarily an oversimplification, as
recruitment of �arrs requires the activity of GRKs, and hence G
protein- and �arr-biased ligands will also be biased with respect
to GRK recruitment and receptor phosphorylation.

Bias adds a layer of complexity to the traditional definition of
ligand action. For example, a �arr-biased AT1R agonist has
markedly different physiologic effects from the endogenous
agonist angiotensin II (68). Although angiotensin II causes
vasoconstriction, cardiac hypertrophy, and increased cardiac
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contractility, the �arr-biased agonist causes vasodilation and
does not cause cardiac hypertrophy, but still increases cardiac
contractility via �arr-mediated phosphorylation of tropomyo-
sin and other contractile proteins (69). A number of other G
protein- and �arr-biased agonists targeting a variety of recep-
tors are currently being tested in early phase clinical trials,
including those of the �-opioid receptor (70) and apelin recep-
tor (71).

Although many biased agonists have been identified seren-
dipitously, drug development of biased agonists requires an
approach for quantifying the degree of ligand bias. Classical
parameters of receptor signaling such as maximal effects (Emax)
and potencies (EC50) cannot account for differences in receptor
reserve and amplification of different signaling pathways (72).
In assays with significant amplification, such as second messen-
ger assays, e.g. cyclic AMP formation, both full and partial ago-
nists can reach the same maximal response, whereas in assays
with little amplification, such as assays that monitor recruit-
ment of �arr to a receptor, partial agonists have significantly
lower maximal responses than full agonists. Multiple

approaches have been developed that all address the issue of
differential amplification between signaling assays (72–74). As
an example, bias factors (72) yield an estimate of bias equivalent
to other approaches, and when combined with dissociation
constants obtained from a binding experiment, also provide an
estimate of relative efficacy. All of these approaches yield sim-
ilar estimates for bias (75), although relative errors can be sig-
nificantly higher depending on the assumptions made in the
analysis (76).

The Signaling Barcode: A Model for Allosteric Regulation
of �arrs

Numerous studies have suggested that �arrs can adopt mul-
tiple conformations that differentially regulate distinct cellular
signaling events. Regulation of these unique �arr conforma-
tions is controlled at a number of levels, through interactions
with the ligand�receptor complex, different post-translational
modifications of both the receptor and �arrs, and the presence
of other cofactors that are cell type-dependent. These different
mechanisms for �arr regulation have been integrated in the
“signaling barcode” model for receptor��arr signaling (17, 77)
(Fig. 3). Binding of �arr to distinct receptor C-terminal phos-
phorylation patterns (“barcodes”) generated by different
kinases results in different conformations of receptor-bound
�arrs. These different �arr conformations are capable of acti-
vating distinct downstream signaling events, such as endocyto-
sis, desensitization, or kinase activation. Although it is an
attractive hypothesis, there are still only limited data to support
it. At the M3 muscarinic receptor, differential phosphorylation
of the receptor C terminus was noted in response to different
ligands and in different tissues (presumably due to differential
expression of GRKs and other kinases) (78). At CXCR4, unique
serines are phosphorylated by PKA, GRK2, and GRK6, with
different effects on ERK1/2 phosphorylation and calcium influx
(79). At the �2AR, a �arr-biased ligand resulted in phosphory-
lation of distinct sites by GRK2 and GRK6 when compared with
a balanced agonist, with different effects on receptor endocyto-
sis and signaling through MAPKs (80). Important questions
that need to be addressed in further developing the barcode
model are how differential recruitment of kinases to the recep-
tor influences receptor phosphorylation, how the receptor
allosterically induces conformational changes in the structures
of �arrs, and the means by which specific post-translational
modifications of �arrs directly influence �arr conformation
and subsequent downstream signaling.

A Highly Conserved Structure and Activation Mechanism

The arrestins display high structural conservation as they
share features critical for their biological activity, although with
some notable differences. Arrestin-1 has N- and C- terminal
�-sheet domains with a series of buried polar residues (“polar
core”) in the N-domain stabilized by an extended C-terminal
tail that locks the molecule into an inactive state (81) (Fig. 4A).
�arr1 has an additional cationic amphipathic helix that could
serve as a reversible membrane anchor (82). The receptor-
binding surface of �arr2 does not form a contiguous �-sheet,
consistent with increased flexibility and possibly responsible
for its reduced selectivity for activated receptors (83). Arres-

FIGURE 2. Balanced and biased signaling by GPCRs. Top panel, in balanced
signaling, both G protein-mediated and �arr-mediated signaling pathways
are activated by the ligand�receptor complex. Bottom panel, in G protein- or
�arr-biased signaling, one of the pathways is activated while the other path-
way is blocked.
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tin-4 has differences in the concave surfaces of the �-sheets
involved in receptor binding and the loop between �-strands 1
and 2 (84). Notably, arrestin-1 was crystallized as a tetramer (a
dimer of dimers) and was noted to form dimers and tetramers
in solution (although different from those observed in the crys-
tal), although only monomeric arrestin-1 can bind to activated
rhodopsin (85). �arr1 and �arr2 self-associate and form het-
erodimers, which is enhanced by binding to inositol hexakis-
phosphate (86). The significance of �arr multimerization is
unclear, but it may regulate the subcellular distribution of �arrs
(86).

A number of studies led to a model for arrestin binding to the
receptor via two sensors: a “phosphate sensor” that interacts
with the phosphorylated receptor C terminus and an “activa-
tion sensor” that interacts with the active conformation of the
GPCR induced by agonist (87) (Fig. 4A). This model was largely
confirmed by the structure of �arr1 bound to a C-terminal
phosphopeptide from the vasopressin 2 receptor (V2R), stabi-
lized by a synthetic antibody fragment (88). The polar core acts
as the phosphate sensor: the phosphorylated receptor C termi-
nus displaces the arrestin C terminus and interacts with a num-
ber of positively charged residues in the polar core (Fig. 4A).
The disruption of the polar core is associated with a significant
twist of the N- and C-terminal domains relative to one another.
This results in exposure of regions of the protein that act as an
activation sensor, most notably the interdomain hinge and the
finger, middle, and lariat loops, structural changes that have
been observed in earlier biophysical studies (89 –93).

Structure of Receptor�Arrestin Complexes

The recent crystal structure of rhodopsin bound to arrestin-1
by serial femtosecond x-ray laser crystallography largely vali-
dates this mechanism for arrestin activation (94) (Fig. 4B). In
this structure, there are three arrestin-rhodopsin interfaces: the
finger loop of arrestin-1, which interacts with TM7 and TM8 of
rhodopsin, the interdomain hinge, which forms a cleft that
accommodates ICL2 of rhodopsin, and the �-strand, which fol-
lows the finger loop and interacts with TM5, TM6, and ICL3. A
notable difference is in the conformation of the finger loop

when compared with a rhodopsin�arrestin-1 finger loop pep-
tide complex: in the rhodopsin�arrestin-1 structure, a helical
structure for the finger loop was refined (Fig. 4B, yellow sticks),
whereas in the rhodopsin�peptide complex, a reverse turn
structure was observed (Fig. 4B, cyan sticks) (95). The
rhodopsin�arrestin-1 structure has the advantage of having the
entire arrestin-1 molecule in the structure, and a previous NMR
structure has demonstrated a helical conformation of the finger
loop (96). However, the rhodopsin�peptide structure was of sig-
nificantly higher resolution with better electron density in the
finger loop region when compared with the rhodopsin�
arrestin-1 structure. Therefore, the precise conformation of the
finger loop bound to the receptor is currently ambiguous,
although both structures demonstrate that arrestin binding
results in interactions with highly conserved motifs in the
receptor, including the Arg135 of the E(D)RY motif in TM3 and
Lys311 of the NPXXY motif at the end of TM6 (the motifs that
form the ionic lock in the inactive receptor). This region is
similar to the binding crevice that the G� C terminus uses to
bind to the receptor (97), demonstrating that GPCRs share a
common binding interface for interacting with G proteins and
�arrs.

Crystallography is limited to obtaining protein structures
that are stable and sufficiently ordered to produce protein crys-
tals. A complementary technique that has allowed the low-res-
olution visualization of large protein complexes is EM. Single-
particle negative-stain EM has allowed the visualization of
different modes of �arr1 binding to the �2AR (98). For these
studies, the �2AR��arr1 complex was stabilized with a syn-
thetic antibody fragment that binds the active �arr conforma-
tion. By combining hydrogen/deuterium exchange MS, bio-
chemical experiments, and single particle EM analysis, two
distinct conformations of the receptor��arr complex were iden-
tified (Fig. 4C). In the first conformation, �arr binds to the
phosphorylated receptor C terminus only; in the second con-
formation, �arr1 is tightly bound to the receptor through trans-
membrane core interactions (via the activation sensor) and
through the C terminus (via the phosphate sensor). These con-

FIGURE 3. Regulation of �arrs by GPCR signaling barcodes. A–C, in the signaling barcode model, a receptor activated by ligand (A) recruits kinases and other
enzymes that generate a signaling barcode (B) on the C-terminal tail of the receptor. This results in the recruitment of �arr and activation of effector molecules
(C). D, changes to the barcode result in differential effector coupling by �arrs (shown are the clathrin adapter AP-2 and ERK MAPK). 7TMR, seven-transmem-
brane class of receptors; Ub, ubiquitin.
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formations may represent steps in a multi-step binding process
of �arrs to GPCRs or may represent distinct states that are
associated with differential signaling.

Signal Transduction to Effectors

Recent structural studies have also addressed the question of
how �arrs transmit signals encoded in the receptor to effector
molecules. The �arrs can interact with downstream effectors in
different modes. For example, �arr1 can bind between blades 1
and 2 of the clathrin �-propeller via an intrinsically disordered
clathrin-binding box, but can also interact with a binding
pocket formed by blades 4 and 5 of clathrin via an 8-amino acid
splice loop found only in the long �arr1 isoform (99). Further
insights into the allosteric regulation of �arr signaling have
recently been provided by an NMR study that used 19F probes
in �arr1 to probe changes in its structure induced by different
phosphopeptides derived from the V2R C terminus (100).
Although all the phosphopeptides interacted with the phos-
phate sensor to induce changes in the finger and middle loops,
there were also distinct phospho-interaction patterns that were
related to the spacing of the multiple �arr phospho-binding
sites. These distinct patterns may serve as a structural model for
the signaling barcode, by which changes in a GPCR phosphor-
ylation pattern are translated to distinct conformations of �arr
that can be “read” by downstream effectors.

Future Directions

Over the past two decades, our understanding of the biology
of �arrs has expanded, to the point where we now appreciate
that these ubiquitous molecules are involved in virtually every
aspect of cell biology. This is a trait that they share with their
signaling partners, G protein-coupled receptors, whose over
800 members in the human genome regulate nearly every
aspect of physiology. The �arrs are versatile, regulating recep-
tor desensitization, trafficking, and signaling through their abil-
ity to interact with a vast array of binding partners. There are
still a number of unresolved questions that need to be addressed
regarding �arr function. From a structural perspective, it will be
important to determine the different biological roles of distinct
GPCR��arr conformations and how those are regulated via the
barcode or other signaling mechanisms. It will also be impor-
tant to obtain structures, via either crystallography or electron
microscopy, of GPCRs with �arrs and effectors to fully appre-
ciate how specific signaling modes are encoded. From a phar-
macologic perspective, the development of more biased ago-
nists, both as tool compounds to dissect receptor pharmacology
and as potential therapeutic agents, will continue to lead to
novel insights into how biological information is processed by
the cell.
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The members of the Rab family of GTPases are master regu-
lators of cellular membrane trafficking. With �70 members in
humans, Rabs have been implicated in all steps of membrane
trafficking ranging from vesicle formation and transport to ves-
icle docking/tethering and fusion. Vesicle trafficking controls
the localization and levels of a myriad of proteins, thus regulat-
ing cellular functions including proliferation, metabolism, cell-
cell adhesion, and cell migration. It is therefore not surprising
that impairment of Rab pathways is associated with diseases
including cancer. In this review, we highlight evidence support-
ing the role of Rab13 as a potent driver of cancer progression.

The members of the Rab (Ras-related in brain) family of pro-
teins are master regulators of vesicle trafficking. They are evo-
lutionarily conserved with �70 members in humans, and each
Rab is localized predominantly to a specific intracellular organ-
elle or vesicle (1). Rabs have been implicated in every step of
vesicle trafficking including the formation of cargo-laden mem-
brane vesicles and tubules, transport of these carriers on the
cytoskeleton, tethering and docking of the carriers at the target
membrane, and finally membrane fusion and delivery of cargo.
Not surprisingly, functional impairment of Rab pathways is
associated with diseases including immunodeficiencies, neuro-
logical disorders, and cancer (2). One such Rab, Rab13, controls
cellular functions that are often altered in cancer, and Rab13 is
now recognized as an important driver of cancer progression.
Here, we discuss the importance of Rab13 in the physiology of
cancer with a focus on Rab13 trafficking pathways contributing
to tumorigenicity.

The Biology of Rab13

As for all small GTPases, Rab13 cycles between an active,
GTP-bound state and an inactive, GDP-bound state. Activation
of Rab13 is mediated by DENND2B and DENND1C/con-
necdenn 3, guanine nucleotide exchange factors (GEFs)2 that

interact with GDP-bound Rab13 and facilitate the exchange of
GDP for GTP (3–5). These proteins each bear a differentially
expressed in normal and neoplastic cells (DENN) domain, an
evolutionarily ancient protein module that encodes GEF activ-
ity for a large number of Rab GTPases (6 – 8). Rab13 is inacti-
vated by the GTPase-activating protein (GAP) Akt substrate
160 (AS160)/TBC1D4, which enhances the ability of Rab13 to
hydrolyze GTP (3–5). In its active form, Rab13 binds to several
effectors including MICAL-L1, MICAL-L2, and PKA (9, 10).

Rab13, which is ubiquitously expressed, is thought to have
diverged from its closest homologue Rab8, early in the verte-
brate lineage (11). Similar to Rab8, Rab13 has been implicated
in both biosynthetic and endosomal recycling pathways. Rab13
is found at the trans-Golgi network, on recycling endosomes,
on late endosomes, and at the plasma membrane (12–14). Dis-
ruption of Rab13 function inhibits the delivery of cargo that
reaches the plasma membrane via endosomes from either the
biosynthetic or the endocytic recycling pathways. Thus, Rab13
is thought to control membrane trafficking at the level of endo-
somes. Interestingly, Rab13 can traffic on endosome-derived
vesicles in its GDP-bound form (14, 15). Strikingly, C-terminal
prenylation is not required for Rab13 to associate with these
vesicles, and the protein is resistant to extraction by GDP dis-
sociation inhibitor (GDI) (3, 15). A FRET-based activation bio-
sensor revealed that Rab13 is activated selectively at the plasma
membrane where its GEFs DENND2B and connecdenn 3 are
located (3, 15). Thus, Rab13 dysfunction likely alters the cell
surface delivery of cargo locally at the plasma membrane, per-
haps by playing a role in docking or fusion of membrane carriers
derived from endosomes. However, it cannot be ruled out that
activation of Rab13 at endosomes or even the trans-Golgi net-
work to levels below the sensitivity of the biosensor by uniden-
tified GEFs could contribute to the repertoire of Rab13-medi-
ated cargo delivery.

Rab13 controls the trafficking and cellular localization of
multiple proteins implicated in cancer cell behavior. These
include the trafficking of integrins during cell migration, the
surface delivery of the glucose transporter GLUT4 in response
to insulin signaling, and the trafficking of VEGFR during angio-
genesis (4, 5, 16). Rab13 is also implicated in the regulation of
the actin cytoskeleton as both its GEFs, DENND2B and con-
necdenn 3, are localized on actin and all of its effectors indi-
rectly promote actin polymerization. Through these activities,
Rab13 controls the formation of membrane protrusions that
contribute to the migratory capacity of cells in vitro and the
metastasis of cancer cells in vivo (3). In addition, Rab13 regu-
lates the proliferative capacity of cancer cells in vitro and the
growth of tumors in vivo (3). Therefore, Rab13 activity regu-
lates several pathways important for the behavior of cancer cells
and the progression of the disease.

Regulation of Rab13 Expression

Consistent with a role for Rab13 in cancer progression,
Rab13 is up-regulated in multiple cancer types including diffuse
large B-cell lymphoma and glioblastoma (17, 18). In fact, Rab13
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is significantly amplified in the majority of cancers (Fig. 1A) (19,
20), and Rab13 levels inversely correlate with patient prognosis
in cancers such as basal type breast cancer (Fig. 1B) (21). More-
over, Rab13 expression levels are elevated in cancer cell lines
resistant to radiotherapy when compared with those that are
sensitive to radiotherapy (22). Therefore, Rab13 expression
correlates with cancer progression.

A key question relates to the mechanisms driving enhanced
Rab13 expression in various cancers. p53 is one of the best
studied genes in cancer biology, and p53 is the most commonly
mutated gene in human cancer (23). Although multiple cancers
have been associated with loss-of-function mutations in p53,
several studies identified mutations in p53 that promote onco-
genesis in a gain-of-function manner (24, 25). In fact, mice
expressing gain-of-function mutations in p53 have more
aggressive and metastatic cancers than p53 null mice (26, 27).
Gain-of-function mutations in p53 have been reported to up-
regulate multiple genes implicated in cancer progression in-
cluding key signaling receptors (28). Interestingly, Rab13 is one

of several transcriptional targets of p53, and p53 promotes
Rab13 expression (29, 30). Furthermore, ionizing radiation
up-regulates Rab13 mRNA in neuroblastoma cells, and this
up-regulation is blocked by inhibiting p53 activation
induced by DNA damage (31, 32). Mutant p53 drives cancer
cell invasion in part by promoting recycling of both integrin and
epidermal growth factor receptor (EGFR) to the cell surface,
and as discussed in detail below, Rab13 controls recycling of
integrins and was suggested to do the same for EGFR (4, 13, 33).
Therefore, up-regulation of Rab13 could contribute to the
potent oncogenic effect of gain-of-function p53 mutations in
human cancer.

There are multiple mechanisms in addition to p53 mutations
that contribute to the up-regulation of Rab13 in cancer. For
example, Rab13 expression is inhibited by hsa-miR-125b, and
this microRNA is down-regulated in primary hepatocellular
carcinoma, correlating with a poor patient prognosis (34).
Up to 15% of all human cancers are associated with inflam-
mation, and chronic inflammation is an important risk fac-
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FIGURE 1. Rab13 expression in cancer A, the copy number alterations of Rab13 in various cancer types. These data were generated using open source data
from The Cancer Genome Atlas (TCGA) research network (cBioPortal for Cancer Genomics). BROAD, Broad Institute of Harvard and MIT; MSKCC, Memorial Sloan
Kettering Cancer Center; CCLE, Cancer Cell Line Encyclopedia; MICH, University of Michigan Comprehensive Cancer Center; Lung adeno, lung adenocarcinoma;
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tor for tumorigenesis (35, 36). Expression of the anti-inflam-
matory protein annexin A1 is increased in squamous cell
carcinoma, and treatment of epithelial cancer cells with a
recombinant annexin A1 mimetic peptide up-regulates levels
of Rab13 mRNA (37, 38). Therefore, inflammation could pro-
mote tumorigenesis through its up-regulation of Rab13.

The localization of Rab13 translation may also contribute to
its role in cancer. Rab13 mRNA is enriched in pseudopodial
protrusions in MCF7 and MDA-MB-231 cancer cell lines and
migratory fibroblasts (39, 40). The 3�-untranslated region of
Rab13 is necessary and sufficient to direct Rab13 mRNA to
cellular protrusions in response to migratory cues (40). Because
Rab13 activity induces protrusion formation, allowing cancer
cells to become more migratory and invasive (3), this would
suggest that localized translation of Rab13 in protrusions
promotes invasiveness. However, accumulation of Rab13
mRNA in protrusions is dependent on adenomatous polyposis
coli (APC), a tumor suppressor that acts to strengthen cell-cell
adhesion (40, 41). Although loss of APC prevents recruitment
of Rab13 mRNA to protrusions, it does not prevent the forma-
tion of protrusions (40). Therefore, the function of Rab13
mRNA transport to pseudopodia protrusions and its effect on
cell migration and invasion remain elusive.

Role of Rab13 in Cellular Phenotypes Related to Cancer
Progression

Cell Metabolism

Alterations in cell metabolism are an important consider-
ation in cancer progression as cells within a tumor must adapt
to various environmental conditions, such as nutrient depriva-
tion, while continuing to proliferate (42). For example, multiple
myeloma is one of many cancers with enhanced glucose utili-
zation, and multiple myeloma cells exhibit increased glucose
sensitivity due to an accumulation of the glucose transporter
type 4 (GLUT4) on the plasma membrane (43). Interestingly,
Rab13 functions in the translocation of GLUT4 to the cell
surface in response to insulin (5). Insulin stimulation increases
the pool of active Rab13, which binds to the Rab13 effector
MICAL-L2, relieving MICAL-L2 auto-inhibition and thus
allowing MICAL-L2 to recruit various actin regulatory proteins
including actinin-4 (Fig. 2) (5, 44, 45). A complex involving
Rab13, MICAL-L2, and actinin-4 binds to GLUT4 in an insulin-
dependent manner, allowing docking/tethering of GLUT4 ves-
icles at the cell surface and thus enabling their fusion (46).

Rab13 is inactivated by its GAP, AS160, and AS160 is inacti-
vated by phosphorylation (Fig. 2), thereby enhancing insulin-
induced GLUT4 translocation to cell surface (47– 49). Interest-
ingly, Akt is constitutively active in multiple myeloma tumor
cells, and not surprisingly, AS160 is hyper-phosphorylated in
myeloma cell lines as well as in breast cancer tumors (50, 51).
Thus, inhibition of AS160 by phosphorylation in cancer could
enhance Rab13 activity to increase GLUT4 on the plasma
membrane, increasing sensitivity to glucose and tumor growth.

Cell Proliferation

Perhaps the key feature of cancer cells is enhanced prolifer-
ation. The EGFR is a well characterized member of the ErbB
family of receptor tyrosine kinases. EGFR is a key factor in

tumor growth, and activating mutations, gene amplifications,
and protein overexpression of EGFR have been observed in
numerous cancer types (52, 53). Interestingly, overexpression
of the Rab13 GEF DENND2B enhances signaling downstream
of EGFR and promotes cell growth. DENND2B undergoes
alternative RNA splicing, yielding three isoforms: p70, p82, and
p126 (we refer to the p126 isoform as DENND2B). All three
isoforms contain the DENN domain, and presumably, all iso-
forms activate Rab13, although this has only been directly dem-
onstrated for the longest form. DENND2B was originally
named suppression of tumorigenicity 5 as it mapped to human
chromosome 11p15 and this locus mediates tumor suppression
in various cell lines (54). However, only the p70 isoform had
reduced mRNA levels in tumorigenic cell lines, suggesting that
only this isoform functions as a tumor suppressor (55). Indeed,
DENND2B promotes contact-independent cellular growth
similar to transformed cells, whereas p70 inhibits this increased
growth (56). DENND2B is thought to stimulate cell growth by
mediating EGFR signaling. DENND2B expression enhances
activation of ERK, and this effect is lost when the two proline-
rich domains of DENND2B are deleted, suggesting that protein
interactions with these motifs are required for this effect (57).
The smaller isoforms, p82 and p70, do not contain the proline-
rich domains and do not promote ERK activation. Instead, p70
inhibits DENND2B from activating ERK (57). Thus, in addition
to activating Rab13, DENND2B plays a role in a growth-signal-
ing pathway by linking EGF stimulation to ERK activation, and
this signaling is inhibited by the p70 isoform.

Rab13 and DENND2B may also influence EGFR signaling
by regulating EGFR trafficking. Stimulation of EGFR by EGF
induces receptor dimerization and internalization into sig-
naling endosomes with eventual sorting to lysosomes for
degradation. However, a fraction of EGFR recycles back to
the plasma membrane, enhancing EGFR signaling (58).
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FIGURE 2. Rab13 promotes GLUT4 recycling in response to insulin. Insulin
treatment promotes AS160 phosphorylation (indicated by circled red P) by
Akt, thereby inactivating its GAP activity toward Rab13. This increases the
active pool of Rab13, which in turn recruits its effector MICAL-L2 and actinin,
thereby stimulating the delivery of GLUT4 onto the plasma membrane.
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Therefore, increases in EGFR recycling pathways enhance
EGFR protein levels, signaling, and oncogenic potential.
Trafficking of the EGFR is regulated in part by the Rab13
effector MICAL-L1. Overexpression of MICAL-L1 results in
the accumulation of EGFR in late endosomes, whereas loss of
MICAL-L1 increases degradation of EGFR, implying that
MICAL-L1 promotes EGFR recycling (13). The ability of
MICAL-L1 to promote EGFR recycling may be mediated by
Rab13 as MICAL-L1 recruits active Rab13 to tubular recy-
cling endosomes, which relieves MICAL-L1 auto-inhibition
(13). Therefore, recruitment of active Rab13 could activate
MICAL-L1 to enhance recycling of EGFR to the plasma
membrane. However it is unclear whether this effect is spe-
cific to Rab13, as it has not been tested whether Rab13 influ-
ences EGFR signaling directly, and MICAL-L1 is known to
bind other active Rabs including Rab8, Rab35, and Rab36
(59).

Cell-Cell Adhesion

In epithelial and endothelial cells, cell-cell adhesion is initi-
ated by the formation of adherens junctions followed by tight
junctions (60). Cadherins and nectins act as cell adhesion mol-
ecules at adherens junctions, whereas claudins and occludins
serve as cell adhesion molecules at tight junctions (Fig. 3). Loss
of cell-cell adhesion is an important component of cell trans-
formation in cancer, as cells must dissociate from each other to
become more migratory. This is particularly important for sin-
gle cell metastasis, but also in collective cell migration where
cells must detach from the original tissue, and single cells may
also detach from the collectively moving cell mass (61). Fur-
thermore, weakening of tight junctions in vascular endothelial
cells allows malignant cells to escape the vasculature as part of
the metastatic process (62, 63). Rab13 may promote the inva-

siveness of cancer cells by negatively regulating the integrity of
tight junctions.

One mechanism by which Rab13 inhibits tight junction for-
mation is through regulation of its effector PKA (64). A notable
substrate of PKA is vasodilator-stimulated phosphoprotein
(VASP), an actin-binding protein that promotes actin polymer-
ization. Phosphorylation of VASP by PKA abolishes its actin-
polymerizing activity (10, 65). However, phosphorylation of
VASP by PKA results in VASP relocation to tight junctions and
is required for the establishment of tight junctions (66). In this
way, PKA is proposed to contribute to tight junction recovery
by allowing structural relaxation of the cortical actin rim (66).
Active Rab13 binds the �-catalytic subunit of PKA, inhibits
PKA-dependent phosphorylation of VASP, and prevents VASP
association with intracellular junctions (10) (Fig. 3). Therefore,
active Rab13 inhibits tight junction integrity by negatively reg-
ulating PKA and VASP phosphorylation. Given the importance
of tight junction disruption in tumorigenicity, it is not surpris-
ing that PKA and VASP have been implicated in cancer pro-
gression, although their roles in this process are complex. For
example, PKA activity has been reported to both stimulate and
inhibit cancer cell growth (67). Similarly, both down-regulation
and overexpression of VASP result in the loss of contact inhi-
bition and enhanced tumor growth (68). The contribution of
VASP to tumorigenicity may depend on which of its residues
are phosphorylated. Phosphorylation by PKA at Ser239 impairs
F-actin bundling, whereas phosphorylation by PKD at Ser157

and Ser322 promotes VASP recruitment and actin bundling at
the leading edge of cells (69). Therefore, the PKA/VASP axis is
an important downstream target of Rab13 regulation (Fig. 3);
however, the involvement of these proteins in cancer cell
behavior is complex.

Loss of either Rab13 or MICAL-L2 inhibits surface levels of
the junctional proteins claudin-1 and occludin, and for this rea-
son, Rab13 was initially proposed to promote tight junction
formation (70). However, this interpretation is inconsistent
with several findings described below demonstrating that
Rab13 and MICAL-L2 promote cell migration in part by dis-
rupting cell adhesion. Furthermore, active Rab13 mutants dis-
rupt claudin-1 and occludin at tight junctions, which suggests
that Rab13 activity disrupts tight junction formation, whereas
studies with inactive Rab13 mutants were conflicting as some
studies found defective delivery of claudin-1 to tight junctions,
whereas others found no effect on surface levels of claudin-1
(71, 72). Therefore, it is clear that Rab13 localizes to and regu-
lates tight junctions, but it remains elusive how it does this.

Cell Migration and Scattering

Following disruption of cell-cell adhesion, metastatic cells
become more migratory and invade into surrounding tissue.
Rab13 is required for the scattering and migration of epithelial
cells (3, 73). A common method for dissociating or scattering
epithelial cells is treatment with 12-O-tetradecanoylphorbol-
13-acetate (TPA). TPA-induced cell scattering requires activa-
tion of Rab13 and regulation of the actin cytoskeleton by the
Rab13 effector MICAL-L2 (73). Active Rab13 relieves MICAL-
L2 auto-inhibition, allowing MICAL-L2 to recruit various actin
regulatory proteins. Not surprisingly, MICAL-L2 is up-regu-
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FIGURE 3. Rab13 regulates tight junction disassembly. PKA can phosphor-
ylate (indicated by circled black P) the actin-binding protein VASP, thereby
disrupting its ability to bundle actin and promoting its relocation to tight
junctions, thereby enhancing tight junction formation. However, active
Rab13 can bind to and inhibit PKA, prevent VASP phosphorylation, and dis-
rupt tight junction assembly.
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lated in ovarian cancer tissue, and knockdown of MICAL-L2
suppresses the proliferation, migration, and invasive capacity of
ovarian cancer cells in culture (74). One actin-bundling protein
that is recruited by activated MICAL-L2 is filamin. Filamin is
responsible for the cytoskeletal changes that occur during cell
scattering and migration in epithelial cells (75, 76). Consis-
tently, filamin levels also correlate with invasiveness of mela-
noma cell lines, and high filamin levels are predictive of poor
prognosis in melanoma patients (77).

Interestingly, in the absence of Rab13, MICAL-L2 and
actinin-4 promote cell-cell adhesion by stimulating thick actin
bundling at the cell periphery (44, 45). Consistently, high levels
of actinin-4 are associated with decreased cell motility (78, 79).
However, upon activation of Rab13, MICAL-L2 binds actinin-4
and suppresses its cross-linking activity and thereby weakening
cell-cell adhesion (80).

Rab13 activation by DENND2B also induces cell scattering,
and DENND2B is required for cell invasion through a basement
membrane matrix (3). Interestingly, DENND2B localizes on
actin at the cell periphery and binds directly to MICAL-L2, thus
coordinating activation of Rab13 and MICAL-L2 function on
the actin cytoskeleton (3). Rab13 is delivered to the cell periph-
ery on vesicles where it is activated locally, subsequently bind-
ing to MICAL-L2 to relieve MICAL-L2 auto-inhibition and
promote actin remodeling at the leading edge of migrating cells
(3) (Fig. 4). DENND2B also binds c-Abl, a non-receptor tyro-
sine kinase that is associated with several cancer types includ-
ing, but not limited to, chronic myeloid leukemia, non-small
cell lung cancer, and breast cancer. Interestingly, c-Abl is
enriched in pseudopodial protrusions, the same structures
where DENND2B and Rab13 co-localize (3, 81). Furthermore,
active c-Abl promotes cell migration and membrane ruffling,
cancer-associated phenotypes that are also induced by activa-
tion of Rab13 (82). Therefore, DENND2B may coordinate sig-
naling of c-Abl and Rab13 at localized regions of the cell.

Important cargoes for cell migration such as integrins are
under the control of Rab13. Integrins are cell surface receptors
that mediate adhesion with the extracellular matrix, and recy-
cling of integrins to the leading edge of cells is required for

cell migration. Thus, integrins play a key role in the ability of
cancer cells to metastasize from solid tumors (83). Rab13 func-
tions in the trafficking of integrins to the leading edge of cells,
contributing to cell migration (Fig. 4) (4). Presumably, integrin
traffics on vesicles that carry inactive Rab13, and these vesicles
likely fuse with the plasma membrane following localized acti-
vation of Rab13 at the cell periphery (3). Consistent with this
idea, both active and inactive Rab13-positive vesicles contain
the SNARE tetanus neurotoxin-insensitive vesicle-associated
membrane protein (TI-VAMP) (14), and TI-VAMP-mediated
fusion of vesicles with the plasma membrane is required for
integrin activation, whereas disruption of TI-VAMP impairs
cell migration (84, 85). Although Rab13 has been found on both
recycling and late endosomes, TI-VAMP mediates an exocytic
pathway originating from late endosomes (86). Indeed, integrin
recycling from late endosomes drives cancer cell invasion and
metastasis (87). Enhanced integrin trafficking observed in p53
gain-of-function mutants also depends on the activity of diacyl-
glycerol kinase � to tether Rab-coupling protein (RCP) to the
tips of invasive protrusions (33, 88). Further studies are needed
to determine whether Rab13 regulates the delivery of integrin-
containing vesicles by interacting with Rab-coupling protein.

Rab13 can regulate integrin trafficking by directly binding
the serine/threonine kinase mammalian Ste20-like 1 (Mst1) (4).
Mst1 is required for chemokine-induced trafficking of integrins
to the cell surface to mediate cell migration in lymphocytes (89).
Mst1, an orthologue of Drosophila Hippo, controls organ size
by regulating cell proliferation during development (90), and it
functions as a tumor suppressor, because Mst1/Mst2 mutant
mice develop multiple large tumors in the liver (91). Mst1 phos-
phorylates DENND1C, enhancing its GEF activity toward
Rab13 (4, 8, 92). Active Rab13 then facilitates the delivery of the
T lymphocyte integrin LFA-1 to the cell’s leading edge, stimu-
lating cell migration (Fig. 4) (4). Consistently, inhibiting Rab13
reduced lymphocyte adhesion and migration (4). However,
Mst1 has been reported as a negative regulator of migration in
epithelial cancer cell lines, as has the Mst1/Hippo orthologue
KrsB in Dictyostelium discoideum (93, 94). These differences
may be attributed to cell type-specific regulation of Mst1 and
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whether Mst1 is acting within the classical Hippo pathway or a
Hippo-independent pathway with Rab13 (95).

Cell Migration and Angiogenesis

Angiogenesis contributes to tumor progression in two nota-
ble ways. First, tumors require vascular support to grow and
survive. Early work demonstrated that anti-angiogenic treat-
ment of mice with islet cell carcinoma reduced tumor growth
and increased apoptosis of the tumor cells (96). Secondly, can-
cer cells require access to blood vessels in order to metastasize
to other tissue. When compared with mature blood vessels,
tumor angiogenesis creates blood vessels that are immature
and highly permeable and have less basement membrane as
well as fewer intercellular junctions (97). Thus, tumor cells can
enter these vessels more easily than mature blood vessels (97).
Angiogenesis requires directional cell migration of endothelial
cells in response to chemotactic cues such as VEGF (98). Fur-
thermore, anti-angiogenic therapy targeting VEGFR can shrink
tumors, albeit only temporarily as tumors inevitably acquire
resistance to the drugs and resume growth (99).

Interestingly, Rab13 controls VEGF-directed cell migration
and angiogenesis by regulating the spatiotemporal activation of
RhoA (16). Both Rab13 and the RhoA GEF Syx are required for
VEGF-induced directional cell migration. VEGF stimulates the
recruitment of both RhoA and its GEF Syx onto Rab13-positive
vesicles, which then traffic to the cell’s leading edge. Further-
more, Rab13 indirectly associates with Grb2, an endocytic
adaptor protein that binds to activated VEGFR (100). Thus,
Rab13-positive vesicles carrying RhoA/Syx associate with
regions of the plasma membrane containing activated VEGFR,
inducing the formation of the leading edge (16). Furthermore,
Rab13 is required for the angiogenesis and growth of interseg-
mental vessels in zebrafish (16). Therefore, reducing Rab13
could help limit the growth of tumors by reducing VEGFR-
induced cell migration and angiogenesis.

Conclusions

Over the last 25 years, great progress has been made in
understanding how defects in Rab GTPases cause disease. Here,
we provide a detailed summary of how Rab13 regulates cell
behaviors associated with cancer progression. Rab13 functions
in the delivery of cargo to the plasma membrane, disruption of
cell-cell adhesions, and rearrangement of the actin cytoskele-
ton coupled to surface delivery of selective proteins to drive cell
migration. However, several aspects of Rab13 function remain
to be studied and may shed additional insight into the physiol-
ogy of cancer. For example, future studies should aim to eluci-
date the mechanisms regulating the fusion of Rab13-positive
vesicles with the plasma membrane, determine whether Rab13
works in concert with other Rabs in the form of a Rab cascade,
and determine how Rab13 associates with vesicles in its inactive
form. Furthermore, a more detailed understanding of how
Rab13 regulates cell proliferation will likely prove important in
understanding tumor growth. Finally, given the high sequence
homology of the Rab GTPase family, it is likely difficult to target
Rab13 specifically. However, a thorough understanding of
Rab13 regulators and effectors may uncover promising new tar-
gets for therapies.
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Homologous recombination allows for the regulated ex-
change of genetic information between two different DNA mol-
ecules of identical or nearly identical sequence composition,
and is a major pathway for the repair of double-stranded DNA
breaks. A key facet of homologous recombination is the ability
of recombination proteins to perfectly align the damaged DNA
with homologous sequence located elsewhere in the genome.
This reaction is referred to as the homology search and is akin to
the target searches conducted by many different DNA-binding
proteins. Here I briefly highlight early investigations into the
homology search mechanism, and then describe more recent
research. Based on these studies, I summarize a model that
includes a combination of intersegmental transfer, short-dis-
tance one-dimensional sliding, and length-specific microhomo-
logy recognition to efficiently align DNA sequences during the
homology search. I also suggest some future directions to help
further our understanding of the homology search. Where
appropriate, I direct the reader to other recent reviews describ-
ing various issues related to homologous recombination.

Homologous Recombination

Homologous recombination enables the exchange of genetic
information between different DNA molecules and is a major
driving force in evolution. Homologous recombination con-
tributes to double-strand DNA break (DSB)2 repair, the rescue
of stalled or collapsed replication forks, programmed and aber-
rant chromosomal rearrangements, horizontal gene transfer,
and meiosis (1–5). The importance of homologous recombina-
tion is underscored by the findings that defects in key recombi-
nation proteins can result in a loss of genome integrity and lead
to gross chromosomal rearrangements that are a hallmark of
cancer. During recombination, a presynaptic ssDNA is paired
with the complementary strand of a homologous dsDNA,
resulting in the displacement of the noncomplementary strand

from the duplex to generate a D-loop intermediate (Fig. 1)
(6 – 8). This intermediate can be channeled through a number
of alternative pathways, any of which can allow for the repair of
the originally broken DNA molecule using information derived
from the template (1, 9, 10).

Key reactions in homologous recombination are catalyzed by
the Rad51/RecA family DNA recombinases, which are ATP-de-
pendent proteins that form helical filaments on DNA (6 – 8, 11).
These recombinases are broadly conserved, and prominent
family members include bacterial RecA, the archaeal protein
RadA, and the eukaryotic recombinases Rad51 and Dmc1.
RecA is the archetypal recombinase originally identified in
genetic screens for Escherichia coli mutants defective in recom-
bination by Clark and Margulies in 1965 (12). This discovery set
the stage for years of investigation into the RecA protein,
including its biochemical purification and characterization by
the Radding, Howard-Flanders, Lehman, and Roberts laborato-
ries (13–20).

The importance of this early work on bacterial recombina-
tion was underscored by studies in 1992 from the Ogawa and
Kleckner groups (21, 22), which identified the first eukaryotic
Rad51 and Dmc1 recombinases, respectively, with amino acid
sequence homology to RecA. The identification of these
eukaryotic recombinases provided the crucial confirmation
that recombination proteins were conserved throughout biol-
ogy, and enabled biochemical study of eukaryotic recombina-
tion. Subsequent work from the Sung and West laboratories
(23, 24) demonstrated that yeast and human Rad51 catalyze the
same types of strand exchange reactions as RecA, providing a
clear indication that the prokaryotic and eukaryotic recombi-
nases promoted recombination through conserved mecha-
nisms. Although Dmc1 proved more recalcitrant to biochemi-
cal analysis, this meiosis-specific recombinase was eventually
shown to catalyze strand exchange (25). Interestingly, Dmc1 is
thought to have diverged from Rad51 shortly after the emer-
gence of eukaryotes (26, 27), although the reason why most
eukaryotes require a specialized meiotic recombinase for mei-
osis remains unclear (28, 29).

Electron microscopy studies showed that RecA, Rad51, and
Dmc1 all form extended polymers on DNA and stretch the
bound DNA by �50% relative to the contour length of normal
B-form DNA (23, 30 –33). It was often assumed that the DNA
was uniformly extended, but no one could obtain diffraction
quality crystals of any recombinase bound to DNA. A major
breakthrough came from the Pavletich group (34), which in
2008 reported crystal structures of RecA-ssDNA and RecA-
dsDNA pre- and post-synaptic complexes, revealing that the
DNA was organized into near B-form base triplets separated by
�8 Å between adjacent triplets (Fig. 1B). We refer to this
unique DNA architecture as RS-DNA (Rad51/RecA stretched-
DNA) to help distinguish it from other forms of mechanically
stretched DNA (35).

We have learned much about the basic biochemical and bio-
physical features of homologous recombination since the iden-
tification of the first recA mutants in 1965. We know now what

* This work was supported by National Institutes of Health Grant GM074739
and National Science Foundation (NSF) Grant MCB-1154511 (to E. C. G.)
The author declares that he has no conflicts of interest with the contents of
this article. The content is solely the responsibility of the authors and does
not necessarily represent the official views of the National Institutes of
Health.

1 To whom correspondence should be addressed: Dept. of Biochemistry and
Molecular Biophysics, Columbia University, Black Bldg., Rm. 536, 650 W.
168th St., New York, NY 10032. E-mail: ecg2108@cumc.columbia.edu.

2 The abbreviations used are: DSB, double-strand DNA break; nt, nucleo-
tide(s); RS-DNA, Rad51/RecA stretched-DNA.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 22, pp. 11572–11580, May 27, 2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

11572 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 22 • MAY 27, 2016

MINIREVIEW



recombinases are involved, what types of reactions they cata-
lyze, and the genetic consequence of defects in these proteins,
and we even have atomic level details for some proteins and
complexes. Despite our depth of understanding, many ques-
tions remain, and of central importance are questions regarding
reaction dynamics and transient intermediates that are essen-
tial to any biochemical pathway.

The Homology Search

In 1979, Charles Radding wrote, “Nothing is more intriguing
about homologous recombination than its beginning” (13). For
our purposes, we will consider the “beginning” as what takes
place during the alignment of DNA strands during the homo-
logy search. The remainder of this minireview will attempt to
describe our current understanding of the homology search,
and I also direct the reader to excellent reviews, each providing
a different perspective on the topic (36 –39).

The homology search underlies all homologous recombina-
tion reactions, and its importance can be understood by recog-
nizing that misalignment by even a single base pair can poten-
tially render crucial genetic information inaccessible. The
presynaptic complex can be considered a large site-specific
DNA binding entity, whose specificity is defined by the
sequence of the bound ssDNA. Therefore the principles
derived from studies of the biological target search processes of
simpler site-specific DNA-binding proteins also apply to the
homology search. Our understanding of these types of search
problems goes back to early experimental work of Riggs et al.
(40), who in 1970 demonstrated that the lac repressor could
locate target sites more quickly than expected based on random
diffusion. This surprising observation prompted Peter von Hip-
pel, Otto Berg, and colleagues (41, 42) to establish three models
to explain how DNA-binding proteins might locate target sites.
These hypothetical mechanisms include (i) hopping, where the

protein moves via a series of microscopic dissociation and
rebinding events; (ii) one-dimensional diffusion or sliding,
which involves a random walk along the DNA without dissoci-
ation; and (iii) intersegmental transfer, involving movement
from one site to another via a looped intermediate. Collectively
referred to as facilitated diffusion, these models laid the
groundwork for most subsequent target search studies.

Early Biochemical Insights

The availability of purified RecA led to rapid advances in our
understanding of what reactions the protein could catalyze and
insights into how these activities might be related to genetic
recombination. As highlighted below, several early efforts were
directed toward understanding the homology search.

Many of the earliest attempts to study the homology search
were made by Radding and colleagues (43– 46). Through a
series of studies using plasmid-length substrates, they reported
that strand exchange proceeded through an intermediate
referred to as a “coaggregate,” composed of a stable inter-
meshed network of RecA presynaptic complexes and dsDNA,
and that the search itself involved facilitated diffusion within
these coaggregates. The Lehman and Kowalczykowski labora-
tories (18, 47, 48) revealed that RecA does not require ATP
hydrolysis to promote strand exchange, demonstrating that the
search process must be driven by thermal energy. Camerini-
Otero and colleagues (49) later found that RecA can form stable
pairing interactions with homologous substrates as short as 8
bp, providing perhaps the first hint that RecA might employ a
length-based recognition mechanism to help align homologous
sequences (see below). Finally, the Adzuma laboratory (50)
employed a novel approach based on tandem arrays of homo-
logous bindings to ask whether one-dimensional sliding might
contribute to the homology search. The premise of these assays
was straightforward: if sliding contributed to the search, then
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there should be preferential recognition of the outermost tar-
gets within a tandem array, whereas a search based upon ran-
dom three-dimensional diffusion would allow efficient recog-
nition for any site regardless of its position within the array.
These experiments convincingly ruled out the involvement of
extensive one-dimensional sliding during the homology search.

In sum, these early investigations supported a search mech-
anism involving: (i) facilitated diffusion within large nucleopro-
tein networks; (ii) no need for ATP hydrolysis; (iii) the possibil-
ity of length-based sequence recognition; and (iv) the absence
of long-distance one-dimensional sliding. Given these observa-
tions, and considering the polyvalent nature of the presynaptic
complex, it seemed plausible that the homology search might
take place via the original intersegmental transfer model of Berg
and von Hippel (41, 42). However, definite proof of this mech-
anism would need to await development of new technologies
capable of watching the search take place in real time.

Single-molecule Studies

Following the early biochemical work, further advances in
our understanding of the homology search came much more
slowly. This can perhaps be ascribed to two reasons: first, there
were (and remain) many other exciting aspects of recombina-
tion that warranted investigation; and second, target search
problems are very difficult to study because the relevant inter-
mediates are both transient and heterogeneous. However, the
advent of single-molecule approaches, which have the
unique capacity to probe transient and heterogeneous inter-
mediates, led to resurgent interest in the homology search,
and the common theme among the studies described below
is that they sought to observe search intermediates using
optical microscopy.

One of the first single molecule studies of the homology
search came from Forget and Kowalczykowski (51). These
studies first sought to visualize fluorescently labeled RecA-
ssDNA presynaptic complexes (430 or 1,762 nt in length) inter-
acting with dsDNA (� phage DNA; 48,502 bp) tethered by
either one or two ends to the surface of a sample chamber.
Initial experiments revealed that homologous pairing interac-
tions could only be detected with dsDNA molecules that were
tethered by one end to the sample chamber surface (no homo-
logous pairing interactions were found for extended dsDNAs
tethered by both ends), suggesting that a successful homology
search required randomly coiled dsDNA. This hypothesis was
verified by elegant microscopy experiments that visualized
RecA-ssDNA presynaptic complexes as they searched for ho-
mology within a dsDNA whose ends were held within a dual-
beam optical trap, which was used to manipulate the extension
of the dsDNA (Fig. 21A) (51, 52). In addition, this study identi-
fied the existence of intermediates involving multiple, simulta-
neous contacts between the presynaptic complex and the
dsDNA via along-distance looping interactions. Taken to-
gether, these experiments indicated that the homology
search required a collapsed dsDNA, allowing interactions to
take place within three-dimensional space through a mecha-
nism identical with the original intersegmental transfer model
from von Hippel and colleagues (41, 42). This crucial finding

remains perhaps the clearest experimental example of any bio-
logical target search based upon intersegmental transfer.

Shortly thereafter, the laboratory of Taekjip Ha (53) demon-
strated that one-dimensional sliding over short distances may
contribute to the alignment of DNA sequences by RecA. These
experiments used single molecule fluorescence resonance
energy transfer (smFRET) to show that short nonhomologous
dsDNA fragments could slide along a RecA presynaptic fila-
ment (Fig. 2B) (53, 54). The resulting data revealed a diffusion
coefficient of �0.9 � 10�3 �m2/s, corresponding to a sliding
distance of only �60 –300 bp, which was in good agreement
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beam optical trap can affect the efficiency of DNA pairing interactions during
homologous recombination. Adapted with permission from Ref. 51. Error bars
represent the standard error of the mean from multiple experiments. B, sche-
matic illustration of a singe-molecule FRET measurement of the homology
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anchored to a surface. Duplex DNA labeled with a donor fluorophore (green)
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detected when the donor-labeled dsDNA binds to the presynaptic complex.
Dynamic behaviors of the resulting intermediates are revealed as distance-
dependent changes in the FRET signal. ATP�S, adenosine 5�-O-(thiotriphos-
phate). Adapted with permission from Ref. 53. C, examples of kymographs
from a DNA curtain assay using fluorescently tagged dsDNA fragments. Tran-
sient binding events are detected with DNA fragments containing �7 nt of
microhomology, and more stable events are observed for fragments with �8
nt of microhomology. Adapted with permission from Ref. 55.
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with prior bulk biochemical results (50). These authors also
used a clever assay with two short homologous sequences
embedded within the same presynaptic ssDNA, allowing the
dsDNA to be aligned into either of two positions. Remarkably,
they detected two distinct FRET signals, and when these homo-
logous sequences were between 5 and 7 nt, the dsDNA could
rapidly oscillate between the two sites. Interestingly, when the
length of homology was increased to 8 nt, the dsDNA could
again align at either of the two sites, but could no longer oscil-
late between the sites. This finding was consistent with earlier
bulk biochemical assays from the Camerini-Otero group (49)
showing that 8 nt of homology was sufficient for stable dsDNA
capture by the RecA presynaptic complex.

Most recently, my colleagues and I have used DNA curtains
to visualize Saccharomyces cerevisiae Rad51, human Rad51,
S. cerevisiae Dmc1, human Dmc1, and E. coli RecA presynaptic
filaments as they sampled short (70-bp) fluorescently tagged
dsDNA molecules with short tracts of sequence microhomo-
logy complementary to the presynaptic ssDNA (Fig. 2C) (55–
57). These studies provided further evidence that stable dsDNA
binding required an 8-nt tract of microhomology, suggesting
that this 8-nt requirement is a fundamental feature of the
Rad51/RecA family of recombinases. This work also revealed
that all five recombinases rapidly sample and reject sequences
bearing fewer than 8 nt of microhomology. These intermedi-
ates exhibited power-law kinetics, implying the existence of a
diverse ensemble of nonspecific binding states, rather than a
single nonspecifically bound species, as the presynaptic com-
plex interrogates different nonhomologous sequences. A key
conclusion from this work, also predicted from several theoret-
ical studies (see below), was that the Rad51/RecA family of
recombinases reduces search complexity by confining stable
search intermediates to defined length tracts of microhomo-
logy that have a high probability of being the “correct” homo-
logous target (Fig. 3A).

These single molecule studies, together with the preceding
bulk biochemical studies, help present a unified picture of the
basic principles that guide sequence alignment during the early
phases of genetic recombination involving a combination of (i)
intersegmental transfer, (ii) short-distance one-dimensional
sliding, and (iii) a reduction in search complexity allowing the
presynaptic complex to kinetically ignore tracts of microhomo-
logy less than 8 nt in length (Fig. 3B).

These studies also point toward new avenues of investigation
that should help expand our understanding of the homology.
For instance, does ATP hydrolysis play any role at all in the
homology search? What are the orientation and footprint of the
dsDNA bound during each sliding event? How does the stiff-
ness of the presynaptic complex, which has a persistence length
of �800 nm, impact its interactions with dsDNA during
intersegmental transfer? How does chromosome structure
impact the search, and how might the search be augmented by
the presence of other accessory proteins that are necessary for
recombination? What is the temporal relationship between
DNA end processing, presynaptic filament assembly, and the
homology search? Can the search take place concurrently with
end processing (i.e. as the recombinase is being loaded onto the
ssDNA), or are these truly separate stages of the reaction, with

the search only taking place once end processing is completed?
All of these questions might be accessible to single molecule
approaches, or other emerging technologies.

Theoretical Considerations

Despite recent experimental advances, we still do not have a
full grasp of the molecular details that make genetic recombi-
nation possible. For instance, we do not understand how
recombinases access sequence information within a bound
dsDNA molecule and then compare this information to the
presynaptic ssDNA. Although base flipping is likely to be
involved (58, 59), exactly how this might take place remains
poorly understood. Again, our lack of understanding of this
process can be traced to the transient and heterogeneous
nature of the underlying intermediates, and the relevant inter-
mediates cannot be accessed by typical experimental method-
ologies. For this reason, it will be crucial to integrate experi-
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mental findings with detailed theoretical models that can help
reveal facets of genetic recombination that are otherwise inac-
cessible. Here I very briefly touch upon a few examples of how
theory and computational modeling have impacted our under-
standing of the homology search.

Several experimental studies have reported an 8-nt mini-
mum length requirement for stable dsDNA binding by the pre-
synaptic complex (49, 53, 55), raising the question of “Why
eight?” The importance of length-dependent sequence recog-
nition as a means for rapidly rejecting incorrect sequences was
first recognized by Charles Thomas, Jr. (60), who in 1966 sug-
gested that it would be beneficial for recombination to take
place between nonrepetitive minimal recognition lengths com-
posed of “words” that can be uniquely identified within the
genome, and these original concepts have been further elabo-
rated by several groups (55, 61– 63). Simply put, longer
sequences are less common than shorter sequences, so there is
a benefit to search for these longer sequences, which will also
have a higher probability of being the correct homologous tar-
get (Fig. 3A). These simple mathematical considerations illus-
trate why minimal recognition lengths can be beneficial, but
they do not address why 8 nt seems to be preferred.

A compelling physical explanation for this length-dependent
recognition mechanism comes from the recent work of Prentiss
and colleagues (39, 64). Using molecular dynamics simulations,
these researchers identified an initial binding intermediate in
which two adjacent bases, each from three successive triplets
(i.e. eight contiguous bases in total) within a dsDNA molecule,
had flipped open and paired with the presynaptic ssDNA (Fig.
4A). The third base of each triplet remained unpaired because a
conserved DNA-binding loop within the RecA presynaptic
complex (Loop 2) blocked formation of a complete triplet. This
result provides crucial insights into the structure of the initial
binding intermediate and also suggests an explanation for why
8 nt is the preferred minimal recognition length. In addition,
this work indicates that the L2 loop must reorient to allow tri-
plet formation. It is tempting to speculate that initial pairing
with the correct 8-nt site will result in the reorientation of L2
and that this conformation transition may propagate along the
interior of the presynaptic complex, ensuring that subsequent
base triplet interactions can form unimpeded as longer regions
of DNA are paired by the recombinases.

Important insights also arise from considering how the
extended structure of RS-DNA may impact the mechanism by
which the presynaptic complex will interrogate sequence infor-
mation buried within dsDNA. For instance, the modeling and
experimental studies of Prentiss and colleagues (65, 66) have
revealed that upon binding to the presynaptic complex, the two
strands of the incoming dsDNA will be stretched to differing
extents: the noncomplementary strand will be stretched a bit
more than the complementary strand. This unequal extension
would help open the dsDNA to promote pairing interactions
between the complementary strand and the presynaptic
ssDNA.

Savir and Tlusty (67) have also examined the potential rela-
tionship between RS-DNA extension and pairing fidelity. Their
work suggests that the deformation necessary to extend B-DNA
to match the extension of RS-DNA may enhance the ability of

the presynaptic complex to reject nonhomologous sequences
during the homology search. They propose that the energetic
penalty associated with dsDNA extension reduces the binding
free energies of successive sets of base triplets, and that this
deformation-dependent reduction in binding free energy is
optimized against the gain in binding free energy for a correct
triplet. In contrast, mispaired triplets are not sufficiently stable
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to overcome the energetic penalty associated with dsDNA
extension, allowing the presynaptic complex to quickly dis-
criminate against nonhomologous triplets.

These few simple examples help illustrate how theory and
modeling can provide crucial insights into recombination that
cannot necessarily be accessed by experiment, and the contin-
ued combination of theory and experiment will be necessary for
developing a deeper understanding of genetic recombination.

Homology Searches in Living Cells

Recent studies have begun probing how recombination takes
place in vivo, and these experiments serve to underscore that
regulatory cofactors, accessory proteins, chromatin, and
chromosome organization must impact the homology
search in ways that we do not yet fully understand. Several
excellent reviews are available describing issues related to
the in vivo homology search (36 –38), and here I briefly
describe a few interesting observations that perhaps warrant
further exploration.

Although nearly all in vitro studies of the homology search
use just a single protein (i.e. RecA, Rad51, or Dmc1), it is almost
certain that the presynaptic complex present in living cells will
be bound by other recombination proteins. Therefore it will be
essential to more fully define the length and protein composi-
tion of the “search entity” that exists within living cells. For
instance, the eukaryotic protein Rad54, which is an ATP-depen-
dent DNA translocase, is just one example of a protein known
to interact with the presynaptic complex (68 –70). Rad54 and
the closely related protein Rdh54 perform multiple functions
during the different stages of recombination (68, 71, 72). Using
time-resolved ChIP assays, the Jentsch laboratory (73) has
recently provided evidence that Rad54 and Rdh54 are necessary
for the homology search in S. cerevisiae. In the presence of
Rad54/Rdh54, the Rad51 presynaptic complex sampled sites
throughout a broken chromosome, but the homology search
failed in the absence of the two translocases. One interpretation
of these findings is that the motor activities of Rad54 and Rdh54
may promote ATP-driven unidirectional motion of the presyn-
aptic complex along duplex regions of the genome while
searching for homology (73). However, there may be alternative
role(s) for Rad54/Rdh54 in these early stages of recombination:
for instance, studies have implicated these proteins as contrib-
uting to the stability of the presynaptic complex (74), promot-
ing nucleosome remodeling during recombination (75–77),
and altering DNA topology to enhance strand unwinding (78 –
81). Future work will be essential to fully understand how all the
activities of these proteins contribute to recombination.

Interestingly, Rad54/Rad51-mediated search is accompanied
by phosphorylation of histone H2AX (73, 82). The simplest
interpretation of these data is that the corresponding kinase
might be an integral component of the presynaptic complex,
but why it would phosphorylate sites of the chromosome that
have already been searched (and rejected) remains unclear.

Recent studies have revealed that fluorescently tagged DSBs
within S. cerevisiae can undergo highly dynamic diffusive
motion, and this increased mobility is thought to reflect
enhanced movement of the processed DNA ends as they
explore the nuclear volume while looking for the homologous

template (Fig. 4B) (83– 87). The local movement of the DSB is
also accompanied by increased mobility of all the chromosomes
throughout the nucleus. Interestingly, there is some evidence
suggesting that the two ends generated by a single DSB appear
to remain associated with one another during the search pro-
cess, which may help coordinate the repair process by ensuring
that both DSB ends locate the homologous target at the same
time (86). DSB mobility is dependent upon both Rad51 and
Rad54, suggesting that it reflects the movement of a fully
assembled and actively searching presynaptic complex.

In addition to diffusive motion, the Greenberg group (88) has
reported evidence for unidirectional motion of the presynaptic
complex during Rad51-dependent recombination at telomeres
in mammalian cells. Surprisingly, this movement occurred over
distances ranging from �1.3–5 �m and was dependent upon
the Hop2-Mnd1 protein, which is not normally considered to
be involved in mitotic recombination, but is instead required
for recombination during meiosis. All of these studies raise cru-
cial and interesting questions with respect to what factors influ-
ence DSB mobility in living cells and how changes in mobility
might be related to the homology search.

Eukaryotic chromosomes are not randomly organized, but
instead appear to have preferred positions within the nucleus,
and the existence of this higher-order spatial organization has
important implications in replication, transcription, and
recombination (89 –92). The Haber laboratory (93) has recently
begun examining how the spatial organization of the S. cerevi-
siae genome might impact homologous recombination. For
these experiments, they generated yeast strains bearing a single
DSB that could be repaired using a template that was positioned
at one of 24 distinct locations throughout the genome. This
work revealed that repair efficiency was strongly influenced by
spatial proximity: DSBs were more readily repaired when in
close spatial proximity to the repair template, but more difficult
to repair when further away from the template in three-dimen-
sional space. These findings suggest that the homology search
itself may be the rate-limiting step in homologous recombina-
tion and also raises interesting questions regarding how the
physiological state of the cell might impact both chromosome
organization and recombination, and whether cell-to-cell vari-
ability in chromosome organization could influence recombi-
nation, and if so, whether such differences might be heritable.

As a final note, the Sherratt laboratory (94) has shown that
DSBs trigger formation of large RecA bundles in E. coli (Fig.
4D). The constituent proteins are not all bound to ssDNA, but
instead form a scaffold along the inner membrane that guides
the DSB ends toward the homologous locus through an ATP
hydrolysis-dependent mechanism (94, 95). These findings raise
crucial questions for how the homology search might be taking
place within the context of RecA bundles and to what extent the
in vitro homology search reflects the in vivo search process.
This finding also raises the question of whether similar protein
scaffolds may be involved in eukaryotic mitotic recombination,
meiotic recombination, or both. It will be crucial to recapitulate
these fascinating RecA bundles in an in vitro setting to deter-
mine how they affect the homology search and subsequent
strand exchange.
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Conclusion

We are beginning to grasp the basic principles of the homo-
logy search, but the problem is far from solved, and future
advances will likely require contributions from a number of
distinct disciplines, including cell biology, biochemistry, bio-
physics, and molecular modeling approaches. Emergent tech-
nologies such as real-time super-resolution in vivo imaging (96)
and high-resolution cryo-EM (97) also offer the potential for
many new insights. How is pairing fidelity controlled, to what
extent are degenerate sequences tolerated, and how might part-
ner proteins affect these features? How does recombination
intersect with replication and other repair pathways? What are
the fundamental differences between mitotic and meiotic
recombination, and how do these differences contribute to
identification of the correct homologous template? Answers to
some of these questions may be forthcoming, whereas others
may prove more challenging. Of course, the other stages of
recombination (e.g. end processing, strand invasion, choice of
pathway, etc.) remain just as interesting as the homology search
and are in many ways still just as mystifying. This abundance of
open questions will help ensure that homologous recombina-
tion remains a fruitful area of scientific inquiry.
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The biofilms that many bacteria and fungi produce enable
them to form communities, adhere tightly to surfaces, evade
host immunity, and resist antibiotics. Pathogenic microorgan-
isms that form biofilms are very difficult to eradicate and thus
are a frequent source of life-threatening, hospital-acquired
infections. This series of five minireviews from the Journal of
Biological Chemistry provides a broad overview of our current
understanding of biofilms and the challenges that remain. The
structure, biosynthesis, and biological function of the biofilms
produced by pathogenic fungi are the subject of the first article,
by Sheppard and Howell. Gunn, Bakaletz, and Wozniak focus on
the biochemistry and structure of bacterial biofilms, how these
structures enable bacteria to evade host immunity, and current
and developing strategies for overcoming this resistance. The
third and fourth articles present two of the best understood cell
signaling pathways involved in biofilm formation. Valentini and
Filloux focus on cyclic di-GMP, while Kavanaugh and Horswill
discuss the quorum-sensing (agr) system and the relationship
between quorum sensing and biofilm formation. Mechanisms of
antibiotic resistance, particularly the role of efflux pumps and
the development of persister cells, are the topics of the final
article by Van Acker and Coenye. The advances described in this
series guarantee that ongoing interdisciplinary and interna-
tional efforts will lead to new insights into the basic biology of
biofilm formation, as well as new strategies for therapeutic
interventions.

Many bacterial and fungal cells have the ability to form bio-
films that enable them to exist as communities and to adhere
tightly to surfaces. Biofilm formation requires a switch from a
motile to a sessile life style, as well as generation of an extracel-
lular matrix. The biofilms of pathogenic microorganisms are a
major medical issue, because they are difficult to eradicate and
thus contribute to many chronic infections. Well known bacte-
rial examples include Staphylococcus aureus, which causes dis-
eases that range from simple skin infections to sepsis, endocar-
ditis, and osteomyelitis, and Pseudomonas aeruginosa, often
associated with respiratory tract infections in cystic fibrosis.
The yeast Candida albicans is an example of a fungus with
biofilm-forming abilities that enable it to colonize mucosal sur-
faces and contaminate the surfaces of surgical equipment.

Understanding how biofilms form, respond to environmen-
tal cues, and contribute to disease is a complex, multi-faceted
challenge. This thematic minireview series focus on five major

aspects: the structure, biosynthesis, and function of both bac-
terial and fungal biofilms; the roles of biofilms in acute and
chronic disease; signaling by cyclic di-GMP; the relationship
between quorum sensing and biofilm formation; and the role of
efflux pumps and persister cells in promoting antibiotic toler-
ance and resistance.

Sheppard and Howell (1) discuss the structure, biosynthesis,
and function of biofilms formed by the pathogenic fungi, Can-
dida albicans and Aspergillus fumigatus, and compare them
with their better known bacterial counterparts. Despite the lack
of sequence homology among the fungal and bacterial biosyn-
thetic enzymes, Sheppard and Howell report striking functional
similarities in the enzymes and the glycans they produce in
biofilm formation, drug resistance, and immune evasion.
Potential therapeutic strategies with either specific enzyme
inhibitors or enzymes that degrade components of the biofilm
show promise for the treatment of these biofilm-associated
fungal infections.

The biochemistry of the extracellular material of bacterial
biofilms, how this structure enables pathogenic bacteria to
avoid host immunity, and existing and developing strategies to
overcome this evasion are the subjects of the minireview by
Gunn, Bakaletz, and Wozniak (2). Three Gram-negative bacte-
ria (Pseudomonas aeruginosa, Haemophilus influenzae, and
Salmonella enterica) are used as examples. The extracellular
material in the biofilms of these organisms has four major com-
ponents, exopolysaccharides, extracellular DNA, several types
of proteins, and outer membrane vesicles, all of which contrib-
ute to promote resistance to host immunity. The physical struc-
ture of the biofilm impedes penetration and engulfment by host
cells, the DNA and polysaccharides bind and sequester antimi-
crobial molecules produced by host cells, and the vesicles are
believed to traffic materials. The bacterial cells also respond by
producing factors that limit the oxidative and non-oxidative
capabilities of phagocytic cells and by producing additional
extracellular material. Developing novel therapeutic strategies
for treating both acute infections and chronic diseases associ-
ated with these pathogens requires sophisticated animal mod-
els and effective methods for disrupting biofilms both in vivo
and in vitro. The review concludes with an assessment of exist-
ing animal models and the use of matrix-degrading enzymes,
immunotherapeutics, and small molecule inhibitors to disrupt
biofilms.

The transition between motile and sessile lifestyles during
biofilm formation involves metabolic, physiological, and phe-
notypic changes that are coordinated by intracellular signaling
pathways that respond to environmental cues. The second mes-

* The author declares that she has no conflicts of interest with the contents of
this article.

1 To whom correspondence should be addressed. E-mail: allewell@umd.edu.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 24, pp. 12527–12528, June 10, 2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JUNE 10, 2016 • VOLUME 291 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 12527

MINIREVIEW PROLOGUE



senger cyclic di-GMP (c-di-GMP)2 acts as the transducing sig-
nal for many of these pathways and is the subject of the mini-
review by Valentini and Filloux (3). Cellular levels of c-di-GMP
depend on the relative activities of two families of enzymes,
diguanylate cyclases (DGCs) and phosphodiesterases (PDEs).
Although each family has a characteristic structural motif, indi-
vidual members have additional domains that may segregate
their activity temporally or spatially, thus enabling different
members of each family to respond to different signals and reg-
ulate different cellular processes. Valentini and Filloux describe
biofilm formation as a developmental process in which cells use
c-di-GMP as a checkpoint for transitions between distinct
phases, using P. aeruginosa as a model organism. Emerging
opportunities and challenges include new imaging methods for
detecting heterogeneous c-di-GMP levels in individual cells,
investigating cross-talk between c-AMP- and c-di-GMP-regu-
lated pathways, and understanding the role of c-di-GMP in reg-
ulating antimicrobial resistance.

Kavanaugh and Horswill (4) focus on a second central regu-
lator of biofilm formation and infection, the quorum-sensing
system (or agr system) of Staphylococcus. The quorum-sensing
system is turned on at high cell densities and controls the pro-
duction of exo-toxins and exo-enzymes required for infection
and biofilm production and dispersal. The signaling pathway
consists of an auto-inducing peptide (AIP), a histidine kinase
that is activated by AIP, and the response regulator, a protein
that, when phosphorylated by the kinase, binds to four promot-
ers on the chromosome. One of these promoters (P2) is the
promoter for the operon for the signaling pathway, which is
therefore auto-inducible. The second (P3) controls the produc-
tion of RNAIII, which up-regulates both exo-toxin and exo-
enzyme production via protein-RNA interactions.

Despite these advances in understanding quorum sensing at
the molecular level, Kavanaugh and Horswill emphasize that
very little is known about how quorum sensing functions in the
human environment. The agr system appears to operate differ-
ently in standard culture conditions and in the human environ-
ment, and the conditions required for colonization in humans
may be different from the conditions required for infection.
Host factors such as serum components, reactive oxygen spe-
cies, and low pH are likely to play an important role.

Biofilms frequently increase the ability of bacteria to tolerate
antibiotics used in treating infectious disease. However, the
mechanisms that confirm this resistance are not well under-
stood. The minireview by Van Acker and Coenye (5) focuses on
two mechanisms that have been shown to confer protection. At
the molecular level, efflux pumps work to maintain low intra-
cellular concentrations of the antibiotic by removing it from the
cell. At the cellular level, a subpopulation of cells called per-
sister cells has a phenotype that enables them to survive expo-
sure to high levels of antibiotics and to begin growing again
when the antibiotic is removed.

The most thoroughly studied efflux pumps are members of
the RND (resistance-nodulation-division) superfamily, whose

members characteristically have inner and membrane proteins
linked by a periplasmic membrane fusion protein. Several stud-
ies in Escherichia coli, S. enterica, Klebsiella pneumoniae, and
P. aeruginosa have demonstrated linkages between expression
and inhibition of pumps and biofilm formation and dispersal,
and a transcriptional factor that may link expression of pump
genes and biofilm formation has been identified. However,
other studies have failed to demonstrate this linkage, indicating
that additional factors may also be involved.

The mechanisms that give rise to persister cells are not well
understood. A key question, still under debate, is whether per-
sister cells are simply dormant cells with inactive antibiotic tar-
gets, or cells with a different metabolism that is actively main-
tained. Because several factors appear to be involved in the
persister phenotype: the oxidative stress, stringent and SOS
responses, toxin-antitoxin modules, and levels of metabolic
activity, Van Acker and Coenye suggest that the dormant and
active models may not be irreconcilable.

During the past decade, substantial progress has been made
in recognizing the importance of biofilms in chronic infections,
as well as understanding the biochemical and cellular processes
that lead to biofilm formation in vitro, although many questions
remain. Much less is known about how biofilm-forming patho-
gens interact with their hosts in vivo, and about the mecha-
nisms that enable biofilms to resist the action of antibiotics and
both innate and acquired immune effectors in vitro and in vivo.
Advances on both fronts are essential for preventing and treat-
ing infections. Progress will require technologies that will
enable sophisticated analyses of the biochemistry and cell biol-
ogy of biofilm-forming microorganisms in vivo, as well ongoing
development of animal models that faithfully mimic chronic
infections. In addition, there is a need for innovative methods
for disrupting biofilms that do not require antibiotics. Hospital-
acquired infections, frequently involving biofilms, are a leading
cause of death and thus a major problem not only for individu-
als but also for health care facilities. The ongoing international
and interdisciplinary efforts to understand both the basic biol-
ogy and pathogenesis of biofilms give confidence that there will
be substantial progress in developing new avenues for thera-
peutic interventions in the coming years.
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Exopolysaccharides play an important structural and func-
tional role in the development and maintenance of microbial
biofilms. Although the majority of research to date has focused
on the exopolysaccharide systems of biofilm-forming bacteria,
recent studies have demonstrated that medically relevant
fungi such as Candida albicans and Aspergillus fumigatus
also form biofilms during infection. These fungal biofilms
share many similarities with those of bacteria, including the
presence of secreted exopolysaccharides as core components
of the extracellular matrix. This review will highlight our cur-
rent understanding of fungal biofilm exopolysaccharides, as
well as the parallels that can be drawn with those of their
bacterial counterparts.

Biofilms are communities of microorganisms growing within
a self-produced extracellular matrix composed of proteins,
extracellular DNA, lipids, and mono- and polysaccharides.
Seminal studies in bacterial systems, as detailed in the other
articles within this minireview compendium, have identified a
critical role for exopolysaccharides in the establishment, struc-
ture, and function of biofilms. Emerging evidence suggests that
biofilm formation is not restricted to bacteria and that patho-
genic fungi, such as Aspergillus fumigatus and Candida albi-
cans, also produce biofilms during colonization and infection.
Fungal biofilms mediate adherence to host tissues and biomed-
ical devices, and provide protection from host immune de-
fenses and antifungal therapy.

C. albicans, the most common fungal pathogen of humans,
forms extensive biofilms on medical devices and mucosal sur-
faces during infection (1, 2). Studies of the biofilm matrix have
revealed a cooperative role of �-1,3-glucans with a mannan-
glucan complex in the development and maintenance of bio-

film structure (3, 4). Although similar polysaccharides are also
found within the fungal cell wall, the synthesis of the matrix
polysaccharides is governed by pathways independent of those
that mediate cell wall synthesis. �-1,3-Glucans within the
C. albicans biofilm matrix play an important role in sequestra-
tion of antifungal agents (5) and in masking fungal cells from
recognition by neutrophils (6). In contrast, biofilms formed by
the mold A. fumigatus have been reported during pulmonary
infection (7) and are dependent on the exopolysaccharide
galactosaminogalactan (GAG)3 (8). GAG is a partially deacety-
lated heteropolymer of �-1,4-linked galactose and N-acetyl
galactosamine, which mediates adhesion between both fungi
and also to other surfaces as well as protection against host
immune defenses (8 –11). GAG is synthesized by the protein
products of a conserved cluster of five genes that is present in a
number of plant and human fungal pathogens (11). Despite a
lack of sequence homology with bacterial exopolysaccharide
biosynthetic enzymes, there are striking similarities in the func-
tion and organization of these fungal exopolysaccharide bio-
synthetic proteins and the role of the resulting glycans in bio-
film formation, drug resistance, and immune evasion. In this
review, we will summarize our current understanding of the
composition, biosynthesis, and function of fungal biofilm exo-
polysaccharides produced by the pathogenic fungi, A. fumiga-
tus and C. albicans, and compare and contrast these mecha-
nisms with those of common pathogenic bacteria.

A. fumigatus Biofilms

Biofilm formation by the filamentous fungus A. fumigatus
has been recently described during growth in vitro and in vivo
(7, 12). As with bacteria, the filamentous hyphae of A. fumiga-
tus grow embedded within an extracellular polymeric sub-
stance (7, 12). This extracellular matrix mediates adherence to
inorganic substrates and host cells and enhances resistance to
host defenses and antifungal agents. This matrix is a heteroge-
neous substance composed of extracellular DNA, proteins, lip-
ids and polyols, and exopolysaccharides including �-glucans,
galactomannan and the glycan GAG (7, 13).

A. fumigatus Biofilm Exopolysaccharides

Of the three exopolysaccharides found within A. fumigatus
biofilms, the role of GAG has been studied in the greatest detail.
GAG is an �-1,4-linked heteropolysaccharide composed of
galactose and partially deacetylated GalNAc that is absent in
A. fumigatus spores but is produced in abundance by growing
hyphae (8, 11, 14). GAG plays a critical role in the maintenance
of the extracellular matrix of A. fumigatus biofilms (8). Strains
deficient in GAG production fail to produce extracellular
matrix and are unable to form adherent biofilms on plastic or
host cells in vitro (8, 9, 15). As with other biofilm exopolysac-
charides, GAG plays an important role in evading host
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defenses. As a result, strains deficient in GAG display attenu-
ated virulence in mouse and invertebrate models of invasive
aspergillosis (8, 9).

A functional role for the other polysaccharides found within
the extracellular matrix of A. fumigatus biofilms has yet to be
established. Galactomannan, which consists of a mannan core
decorated with �-1,5-linked galactofuranose, is dispensable for
biofilm formation, and galactofuranose-deficient mutants ex-
hibit increased biofilm formation as a consequence of in-
creased production of GAG (8, 10, 16). �-Glucans are abundant
within the biofilm matrix; however, the role of this polysaccha-
ride in biofilm formation has not been studied (13, 17–19).

Galactosaminogalactan Biosynthesis

Comparative transcriptomic studies of regulatory mutants
deficient in GAG production identified a cluster of five co-reg-

ulated genes with predicted functions in polysaccharide syn-
thesis and metabolism. Subsequent studies have confirmed a
role for the protein products of many of these genes in the
synthesis or processing of GAG. The presence of gene clusters
resembling bacterial operons is relatively unusual in filamen-
tous fungi, and often suggests that acquisition of these genes
occurred through a horizontal gene transfer event. Bioinfor-
matics analyses of available fungal genomes support this hy-
pothesis, as the presence of a syntenic GAG gene cluster is
found throughout a variety of taxonomically diverse fungal
genomes (11).

Through bioinformatics, gene deletion experiments, and the
study of recombinant enzymes, a model for GAG biosynthesis
is emerging (Fig. 1). This model shares some similarity with
those described for the synthase-dependent production of
hexosamine-containing polysaccharides found within bacterial

FIGURE 1. Schematic representation of the GAG, �-1,3-glucan, EPS, and PNAG polysaccharide synthase from A. fumigatus, C. albicans, L. monocyto-
genes, and S. epidermidis, respectively. In each panel, the glycosyltransferases and associated regulatory proteins are depicted in red and dark red, respec-
tively; the deacetylase is in light green, the epimerase is in light blue, hydrolases are in purple, and other modifying enzymes are in beige. M, membrane; CW, cell
wall; ECM, extracellular matrix; Glc, glucose; Gal, galactopyranose; Man, mannose; c-di-GMP, cyclic di-GMP.
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biofilms (Table 1). As A. fumigatus contains only a single
plasma membrane, the model of GAG biosynthesis is most sim-
ilar to exopolysaccharide synthesis by Gram-positive bacteria
such as Staphylococcus epidermidis (20) and Listeria monocyto-
genes (Fig. 1) (21).

Amino Sugar Synthesis

Synthesis of GAG begins with the production of UDP-galac-
topyranose (Gal) and UDP-GalNAc from UDP-glucose and
UDP-GlcNAc, respectively, by the bifunctional cytosolic epi-
merase Uge3 (8, 10). The activity and substrate specificity of
this enzyme has been confirmed in vitro (10) and Uge3-defi-
cient mutants produce no detectable GAG (8). The presence of
an epimerase-encoding gene within the GAG biosynthetic gene
cluster is unique to A. fumigatus. Although other bacteria such
as Pseudomonas aeruginosa and Streptococcus thermophilus
produce GalNAc-containing exopolysaccharides, the operons
encoding the biosynthetic genes for these bacterial glycans do
not include genes predicted to encode glucose epimerases (22,
23). In these bacteria, UDP-GalNAc is derived from other cel-
lular metabolic pathways that are not specific to exopolysac-
charide synthesis. This difference is best illustrated by experi-
ments in which the entire S. thermophilus eps operon was
expressed in Lactococcus lactis, which lacks endogenous Gal-
NAc production (24). Although the operon was functional in
L. lactis, the resulting polymer was altered in composition and
was deficient in GalNAc, suggesting that this sugar is derived
from other cellular processes and is not produced by enzymes
encoded within the exopolysaccharide biosynthetic operon
(24).

Glycan Chain Synthesis

Following synthesis by Uge3, UDP-Gal and UDP-GalNAc
are predicted to be polymerized and exported from the cell
through the action of a large transmembrane glycosyl transfer-
ase, Gtb3. Consistent with this model, disruption of gtb3 results
in a complete absence of GAG production, although this pro-
tein has not yet been purified and studied in vitro. The ability of
a single glycosyl transferase to display specificities for multiple
donor and recipient sugars has also been reported in studies of
the S. thermophilus EPS system (24). As described above, trans-
fer of the eps operon to a GalNAc-deficient bacteria results in
the substitution of galactose for GalNAc within the mature
polymer (24), suggesting that either Gal or GalNAc can serve as
a suitable substrate during polymer synthesis. This promiscuity
of transferase activity suggests that the acetyl group of GalNAc
is not part of the recognition signal for the binding of nucleotide
sugars by these enzymes. Bioinformatics analysis suggests that

the transmembrane and glycosyl transferase regions of Gtb3
comprise less than half of the protein, with the transferase
region predicted to be a member of the GT4 family of proteins
as defined by the Carbohydrate-Active Enzymes database (25).
It is possible that the domains encoded by these uncharacter-
ized regions may participate in post-translational regulation of
GAG synthesis. This model would be similar to the bifunctional
BcsA and WssB enzymes that are responsible for the synthesis
of cellulose and acetylated cellulose, respectively (26 –29). In
addition to the transferase domain, these proteins also contain
a cyclic di-GMP receptor domain. Binding of the nucleotide is
required for cellulose synthesis. In contrast, other bacterial sys-
tems have a separate regulatory protein that is associated with a
transmembrane synthase. Examples of these regulatory pro-
teins include IcaD/PgaD in the poly-�1,6-N-acetylglucosamine
(PNAG) systems (20, 30) and PelD in the P. aeruginosa Pel sys-
tem (31). Further studies are required to elucidate the function
of the other regions of Gtb3.

Post-synthetic Polymer Modification

The newly synthesized GAG polymer, consisting of �-1,4-
linked Gal and GalNAc, is deacetylated by the secreted, cell
wall-associated enzyme Agd3 (11). Deacetylation results in the
production of a polycationic glycan that associates with nega-
tively charged residues on the cell wall of A. fumigatus, as well
as mediates adherence to other anionic surfaces including host
cells and plastics (11). Agd3-deficient mutants of A. fumigatus
do not form biofilms, and produce fully acetylated GAG, which
fails to adhere to the surface of the organism and is shed into the
culture supernatant (11). Deacetylation occurs in the extracel-
lular space as co-culture of an Agd3-deficient mutant with cul-
ture supernatants from the GAG-deficient �uge3 mutant
restores the production of cell wall-associated GAG and biofilm
formation (11). Deacetylation of N-acetyl hexosamine poly-
mers by enzymes belonging to the carbohydrate esterase 4
superfamily, such as Agd3, is also common in bacterial systems.
In S. epidermidis, IcaB mediates the deacetylation of GlcNAc
within the PNAG polymer following synthesis of the nascent
glycan (32). As with A. fumigatus GAG, deacetylation is
required for the formation of adhesive PNAG, and fully acety-
lated PNAG fails to adhere to the cell wall of S. epidermidis and
cannot support biofilm formation (32). Interestingly, deletion
of the genes involved in de-N-acetylation of PNAG in Gram-
negative species results in different phenotypes. Deletion of
pgaB in Escherichia coli results in loss of polymer export (33),
whereas deletion of bpsB in Bordetella bronchiseptica results in
a weaker biofilm with significant loss of the complex biofilm
architecture (34). The Gram-negative organism P. aeruginosa

TABLE 1
Select microbial exopolysaccharides that contain hexosamine components

Organism Polymer Operon Structure

Aspergillus fumigatus GAG NAa Partially deacetylated �-1,4-linked heteroglycan of Gal and GalNAc
Pseudomonas aeruginosa Pel pel Partially deacetylated 1,4-heteroglycan of GlcNAc and GalNAc
Listeria monocytogenes EPS pss �-1,4-Linked N-acetylmannosamine chain decorated with terminal �-1,6-linked Gal;

possibly partially deacetylated
Streptococcus thermophilus EPS eps Tetrasaccharide repeat with 1,3-linked �-Gal, �-Glc, and �-GalNAc with Gal �-1,6 linked to the central Glc
Staphylococcus epidermidisb PNAG ica Partially deacetylated �-1,6-linked GlcNAc
Escherichia colib PNAG pga Partially deacetylated �-1,6-linked GlcNAc

a NA, not applicable.
b These species are included as Gram-positive and Gram-negative examples of the range of microorganisms that produce PNAG.
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produces a heteropolymer of GlcNAc and GalNAc that is par-
tially deacetylated (35). The pel operon contains a gene pelA
that contains a carbohydrate deacetylase domain (36). Both
deletion of pelA and mutation of catalytic residues that com-
promise deacetylase activity are associated with a loss of Pel-
mediated biofilm production and an absence of detectable bio-
film-associated Pel (36). In L. monocytogenes, the protein
product of pssB has been hypothesized to mediate deacetyla-
tion of N-acetylmannosamine residues within the EPS of this
Gram-positive organism (21). As with pelA, deletion of pssB
resulted in a loss of cell aggregation and EPS production, sug-
gesting that this putative deacetylase is also required for the
production of functional polysaccharide in L. monocytogenes
(21).

In addition to rendering GAG adhesive, deacetylation of the
polymer plays an important role in other functions of this gly-
can, including virulence. Binding of GAG to the outer cell wall
of A. fumigatus hyphae conceals �-1,3-glucan from recognition
by the innate immune receptor Dectin-1 on dendritic cells,
leading to reduced pro-inflammatory cytokine production by
these cells (8). Cell wall-associated GAG also mediates resis-
tance to killing by host neutrophil extracellular traps, likely
through charge-mediated repulsion of cationic peptides
embedded within the DNA matrix of these structures (9). Sim-
ilar observations have been made with deacetylase-deficient
mutants of S. epidermidis, in which loss of cell wall-associated
PNAG results in enhanced susceptibility to neutrophil phago-
cytosis and to the cationic antimicrobial peptide LL-37 (32).
Interestingly, a recent study suggests that the P. aeruginosa cat-
ionic exopolysaccharide Pel binds extracellular DNA within
biofilms through charge-charge interactions (35). Whether
GAG or other bacterial cationic polysaccharides play similar
structural roles in their respective biofilms remains to be
determined.

Glycoside Hydrolases

The GAG biosynthetic gene cluster contains two additional
genes: sph3 and ega3. Although Ega3 is predicted to encode a
membrane-anchored glycoside hydrolase, it has yet to be func-
tionally characterized in vitro or in vivo. Recent work has found
that Sph3 is a member of a novel glycoside hydrolase family,
GH135 (15). Recombinant Sph3 cleaves purified and cell wall-
associated GAG in vitro and displays no activity against chi-
tosan, another hexosamine-containing polymer (15). Sph3 is
required for GAG production (15), although the mechanism by
which this enzyme participates in GAG synthesis remains
unknown. This seeming contradiction in which hydrolases or
other degrading enzymes mediate polymer production has
also been reported in several bacterial exopolysaccharide
systems. In L. monocytogenes, pssZ is predicted to encode a
membrane-bound hydrolase that is required for exopolysac-
charide production by this organism (21). Similarly, in several
cellulose-producing organisms, the production of cellulose
endoglucanase (37, 38) or carboxymethylcellulase (39) en-
hances the production of cellulose, suggesting that these cellu-
lose-degrading enzymes play an important role in glycan
maturation and/or export through the cell wall. Finally, in
P. aeruginosa, alginate lyase (AlgL) is thought to form part of

the transport complex of proteins that serve as a conduit to
move the polysaccharide alginate through the periplasm, and
also degrades any misdirected polymer within this space (40).
Deletion of algL results in disruption of the conduit complex
and retention of alginate within the periplasm, as well as the
absence of AlgL-mediated polymer degradation, leading to cell
lysis and death (40).

Regulation of A. fumigatus Biofilm Formation

Relatively little is known about the regulation of biofilm for-
mation and exopolysaccharide synthesis by A. fumigatus.
External stimuli that induce or suppress biofilm formation have
yet to be identified. Production of GAG is dependent on the
developmental regulatory proteins MedA (8, 41, 42), StuA (8),
and SomA (43). Activation of the cell wall integrity pathway
through deletion of the phosphatases SitA (44) or PtcB (45) has
been linked to suppression of biofilm formation and extracel-
lular matrix production. Although in bacteria, there is a well
established role for cyclic di-GMP as a signaling molecule that
stimulates exopolysaccharide production, there is no evidence
that fungi, including A. fumigatus, produce this molecule.

Candida albicans Biofilms

The formation of biofilms by the yeast C. albicans plays a
key role in the pathogenesis of both mucosal and catheter-
related bloodstream infections in humans (46). Biofilm for-
mation by C. albicans has been well studied in vitro and in ani-
mal models and is similar to the process that has been described
for pathogenic bacteria (47). First, planktonic yeast cells adhere
to an appropriate substrate such as an epithelial cell surface or
an intravascular catheter. Adhesion and cell-cell aggregation
are mediated by an array of glycosylphosphatidylinositol-linked
cell wall glycoproteins including Eap1p (48), Hwp1p (49), and
members of the agglutinin-like sequence (Als) family of pro-
teins, particularly Als1p and Als3p (50 –52). This initial
adhesion and aggregation of yeast cells is further stabilized
by the formation of amyloid structures between Als proteins
(53–55). Following adhesion, C. albicans biofilms undergo
maturation through reproduction of yeast cells and morpho-
logic switching of yeast to produce filamentous hyphal and
pseudohyphal structures. In parallel, these organisms elabo-
rate an extracellular matrix consisting of DNA, proteins, lipids
and mono- and polysaccharides. Mature biofilms may undergo
a dispersal phase in which organisms shift morphology back to
the yeast form, and are then released to disseminate through
the environment.

The Exopolysaccharides of C. albicans Biofilm Matrix

A recent analysis of the composition of C. albicans biofilm
matrix has revealed that three polysaccharides play a complex
and cooperative function in the assembly and maintenance of
the C. albicans biofilm matrix. Surprisingly, �-1,3-glucan, the
predominant polysaccharide found within the C. albicans cell
wall, and the glycan best linked with biofilm-mediated drug
resistance, is only a minor component of the biofilm matrix (4).
The most abundant polysaccharides within the extracellular
matrix are an �-1,6-linked mannan with �-1,2-linked side
chains (85%) and linear �-1,6-glucans (14%). These two polysac-
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charides were co-isolated, suggesting that they form a man-
nan-glucan complex (4). The components of the mannan-
glucan complex exhibit structural features that are unique to
the extracellular matrix and are not found within their cell
wall counterparts. Mannans within the extracellular matrix
are much longer (up to 12,000 residues) as compared with
those within the cell wall (�150) (4). Similarly, matrix �-1,6-

glucans were found to be linear, in contrast with the highly
branched structures found within the cell wall (4). Collec-
tively, these observations suggest that in C. albicans, as has
been established in bacteria (56, 57), the assembly of the cell
wall and extracellular matrix are distinct processes. See Fig. 2
for graphical representations of matrix exopolysaccharides
discussed in this review.

FIGURE 2. Matrix exopolysaccharides discussed in this review. Shown is a graphical representation of exopolysaccharides with parentheses indicating
repeating elements. Subscripts indicate possible number of residues in each element. Glc, glucose; Gal, galactopyranose; Man, mannose; Galf, galacto-
furanose; GalNAc, N-acetyl galactosamine; GalN, galactosamine. *, no specific arrangement of residues or polymer length has been defined. #, galacto-
furanose side chains of galactomannan can be linked to any of the indicated mannan residues. †, the degree of deacetylation of these polymers is not
known.
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�-1,3-Glucan Biosynthesis

The synthesis of �-1,3-glucan is the best studied of the
C. albicans matrix polysaccharides. Production of �-1,3-glucan
for both cell wall and matrix production in C. albicans is medi-
ated by a protein complex composed of the transmembrane
glucan synthase Fks1p (58 – 60) and the regulatory G-protein
Rho1p (61, 62) (Fig. 1). Fks1p is predicted to be a member of
the GT48 superfamily. The presence of a regulatory protein
associated with a transmembrane synthase differs from the
A. fumigatus GAG pathway but is common in bacterial exopo-
lysaccharide pathways as described above. Activation of the
C. albicans Fks1p-Rho1p complex leads to the production of
�-1,3-glucan by Fks1p from intracellular UDP-glucose through
the addition of glucose residues to the non-reducing end of the
glycan (63, 64). The emerging polymer is then thought to be
transported to the extracellular space via a channel formed by
the transmembrane domains of Fks1p.

Delivery of �-1,3-glucan to the extracellular matrix is then
governed, at least in part, by a novel glucan-modifying pathway
composed of at least three proteins: two glycosyltransferases,
Bgl2p and Phr1p, and a glucanase, Xog1p (65). Deletion of any
of the genes encoding these proteins results in a 10-fold or more
decrease in matrix �-1,3-glucan content and the formation of
biofilms that are more easily disrupted (65). Consistent with the
decrease in matrix �-1,3-glucan, biofilms formed by these
mutants are less able to sequester fluconazole and exhibit
increased sensitivity to this agent (65). Despite these dramatic
changes in matrix composition, these mutants produce normal
levels of �-1,3-glucan within their cell wall, suggesting that the
activity of these enzymes was specific for matrix-associated
�-1,3-glucan (65). Overexpression and double-deletion studies
suggest that these enzymes play complementary roles in glucan
delivery (65). The exact mechanism by which these three
enzymes mediate delivery of �-1,3-glucan to the extracellular
matrix remains to be determined; however, they may partici-
pate in the release and modification of cell wall glucans for
transport and deposition within the extracellular matrix.

�-1,3-Glucan plays an important role in biofilm-mediated
protection of C. albicans from immune defenses and antifun-
gals. The production of �-1,3-glucan by C. albicans biofilms
inhibits the production of reactive oxygen species (ROS) by
neutrophils and protects fungal cells from neutrophil killing (6).
Treatment with glucanase enhances neutrophil ROS produc-
tion and renders biofilms more susceptible to killing, whereas
the addition of a soluble �-glucan to early biofilms reduces ROS
production and protects cells from neutrophil killing, suggest-
ing a role for �-glucans in mediating protection against neutro-
phils (6). A similar role in suppressing oxidative burst and
neutrophil killing has been reported for the P. aeruginosa
exopolysaccharide PslG, through reducing complement bind-
ing and opsonization of bacteria within biofilms (66). �-1,3-
Glucan directly enhances antifungal resistance by the binding
and sequestration of fluconazole, preventing its intracellular
penetration and antifungal activity (5, 67, 68). Sequestration of
antimicrobials by bacterial exopolysaccharides has also been
reported in P. aeruginosa. In this organism, binding of tobra-
mycin by alginate has also been demonstrated; however, the

significance of tobramycin sequestration in mediating tobra-
mycin resistance is the subject of some debate (69).

Biosynthesis of the Mannan-Glucan Complex

The synthetic pathways governing production of the man-
nan-glucan complex are largely unknown. Targeted gene dele-
tion studies have identified a number of candidate genes whose
protein products are required for the synthesis of this glycan
complex, although the function of these proteins has not been
studied to date. Deletion of vig1 and kre5 genes was found to be
required for �-1,6-glucan synthesis, whereas loss of alg11,
mnn9, mnn11, van1, mnn4-4, pmr1, and vrg4 resulted in a
reduction in the production of matrix �-mannan (3). Although
the function of the protein products of these genes requires
further investigation, this study provided insight into the
contributions of the three major matrix polysaccharides to
C. albicans biofilm formation. Loss of any one of the three poly-
saccharides was associated with a marked reduction in the
extracellular matrix, lower levels of the other two polysaccha-
rides, and enhanced susceptibility to fluconazole (3). Co-puri-
fication experiments suggested that the three polysaccharides
physically associate in the extracellular matrix (3). Assembly of
this polysaccharide matrix likely occurs in the extracellular
space, as biofilm matrix formation was restored in mixed cul-
tures of complementary mutant strains (3). Collectively, these
findings suggest a model where the mannan-glucan complex
and �-1,3-glucan are assembled after export from the cell and
suggest that they play a cooperative role in the production of
biofilmmatrix.Thiscooperativefunctionofmultipleexopolysac-
charides in the biofilm matrix is analogous to the roles of Pel
and Psl in biofilm formation by P. aeruginosa (70). It has been
suggested that these glycans function in a complementary fash-
ion to govern the strength and viscosity of biofilm matrix in this
bacteria.

Regulation of C. albicans Biofilm Formation

The regulation of C. albicans biofilm formation has been
studied in greater detail than A. fumigatus. In C. albicans, bio-
film formation and matrix synthesis are regulated by at least six
transcription factors that govern adhesion, morphologic
switching, and extracellular matrix production. Notable among
these is Bcr1p, which positively regulates the expression of
numerous adhesins during the initial phase of biofilm forma-
tion (71), and Zap1p, a transcriptional repressor of genes
required for biofilm extracellular matrix production (72). As
with bacteria, signaling molecules associated with fungal quo-
rum sensing, such as tyrosol and farnesol, modulate biofilm
formation in C. albicans (73). Tyrosol enhances early biofilm
events including adhesion and filamentation (73). In contrast,
farnesol is secreted later in biofilm development and inhibits
adhesion, possibly facilitating biofilm dispersion (73).

Therapeutics Targeting Fungal Biofilms

A number of recent studies have suggested that, as with bac-
teria, targeting biofilm formation by fungi may be an attractive
therapeutic strategy. Echinocandins inhibit Fks1p, the �-1,3-
glucan synthase, and exhibit anti-biofilm activity in vitro and in
animal models of catheter-associated C. albicans infection (74,
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75). It has been hypothesized that the anti-biofilm activity of
these agents may underlie their success in clinical trials for the
treatment of Candida infections. These agents do not exhibit
anti-biofilm activity against A. fumigatus, as they do not influ-
ence the synthesis of GAG. The use of therapeutic enzymes that
degrade the biofilm matrix has been explored in both C. albi-
cans and A. fumigatus. Therapy with recombinant DNase
reduces C. albicans biofilm biomass and enhances the activity
of amphotericin B, but not fluconazole, in vitro (76, 77). Simi-
larly, recombinant DNase was found to disrupt A. fumigatus
biofilms and to enhance the activity of several antifungal agents
in vitro (78). No studies in animal models evaluating the effects
of DNase on antifungal susceptibility have been reported to
date. However, �-glucanase therapy enhanced the activity of
neutrophils and antifungals against C. albicans biofilms both in
vitro and in a rat catheter model of infection (6, 68), thus pro-
viding evidence that biofilm-degrading enzymes can be effec-
tive in vivo. The use of hydrolytic enzymes targeting GAG has
not yet been explored as an anti-biofilm strategy against
A. fumigatus; however, Sph3 has been demonstrated to hydro-
lyze both purified and cell wall-associated GAG (15), suggesting
that this may be a promising avenue to explore in the future.

Conclusions

Biofilm formation by fungi is emerging as an important fac-
tor in the pathogenesis of human fungal disease, and as an
important factor when considering the choice of therapeutic
strategies for these diseases. Despite their evolutionary distance
from bacteria, fungi utilize many of the same mechanisms dur-
ing the synthesis and modification of biofilm exopolysaccha-
rides as bacteria. Fungal glycans play a similar role in mediating
protection against immune defenses and antimicrobial agents
such as bacteria exopolysaccharides. The development of new
anti-biofilm therapeutic agents holds great potential as a strat-
egy for the treatment of fungal infections, either alone, or in
combination with conventional antifungals.
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21. Köseoğlu, V. K., Heiss, C., Azadi, P., Topchiy, E., Güvener, Z. T., Lehmann,
T. E., Miller, K. W., and Gomelsky, M. (2015) Listeria monocytogenes
exopolysaccharide: origin, structure, biosynthetic machinery and c-di-
GMP-dependent regulation. Mol. Microbiol. 96, 728 –743

22. Stingele, F., Neeser, J. R., and Mollet, B. (1996) Identification and charac-
terization of the eps (Exopolysaccharide) gene cluster from Streptococcus
thermophilus Sfi6. J. Bacteriol. 178, 1680 –1690

23. Friedman, L., and Kolter, R. (2004) Genes involved in matrix formation in
Pseudomonas aeruginosa PA14 biofilms. Mol. Microbiol. 51, 675– 690

24. Stingele, F., Vincent, S. J., Faber, E. J., Newell, J. W., Kamerling, J. P., and
Neeser, J. R. (1999) Introduction of the exopolysaccharide gene cluster
from Streptococcus thermophilus Sfi6 into Lactococcus lactis MG1363:
production and characterization of an altered polysaccharide. Mol. Micro-
biol. 32, 1287–1295

25. Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P. M., and Hen-
rissat, B. (2014) The carbohydrate-active enzymes database (CAZy) in
2013. Nucleic Acids Res. 42, D490 – 495

26. Whitney, J. C., and Howell, P. L. (2013) Synthase-dependent exopolysac-
charide secretion in Gram-negative bacteria. Trends Microbiol. 21, 63–72

27. Zogaj, X., Nimtz, M., Rohde, M., Bokranz, W., and Römling, U. (2001) The
multicellular morphotypes of Salmonella typhimurium and Escherichia
coli produce cellulose as the second component of the extracellular ma-
trix. Mol. Microbiol. 39, 1452–1463

28. Saxena, I. M., Brown, R. M., Jr., Fevre, M., Geremia, R. A., and Henrissat, B.
(1995) Multidomain architecture of �-glycosyl transferases: implications
for mechanism of action. J. Bacteriol. 177, 1419 –1424

29. Ryjenkov, D. A., Simm, R., Römling, U., and Gomelsky, M. (2006) The PilZ
domain is a receptor for the second messenger c-di-GMP: the PilZ domain
protein YcgR controls motility in enterobacteria. J. Biol. Chem. 281,
30310 –30314

30. Wang, X., Preston, J. F., 3rd, and Romeo, T. (2004) The pgaABCD locus of
Escherichia coli promotes the synthesis of a polysaccharide adhesin re-
quired for biofilm formation. J. Bacteriol. 186, 2724 –2734

31. Whitney, J. C., Colvin, K. M., Marmont, L. S., Robinson, H., Parsek, M. R.,
and Howell, P. L. (2012) Structure of the cytoplasmic region of PelD, a
degenerate diguanylate cyclase receptor that regulates exopolysaccharide
production in Pseudomonas aeruginosa. J. Biol. Chem. 287, 23582–23593

32. Vuong, C., Kocianova, S., Voyich, J. M., Yao, Y., Fischer, E. R., DeLeo, F. R.,
and Otto, M. (2004) A crucial role for exopolysaccharide modification in
bacterial biofilm formation, immune evasion, and virulence. J. Biol. Chem.
279, 54881–54886

33. Itoh, Y., Rice, J. D., Goller, C., Pannuri, A., Taylor, J., Meisner, J., Beveridge,
T. J., Preston, J. F., 3rd, and Romeo, T. (2008) Roles of pgaABCD genes in
synthesis, modification, and export of the Escherichia coli biofilm adhesin
poly-�-1,6-N-acetyl-D-glucosamine. J. Bacteriol. 190, 3670 –3680

34. Little, D. J., Milek, S., Bamford, N. C., Ganguly, T., DiFrancesco, B. R., Nitz,
M., Deora, R., and Howell, P. L. (2015) The protein BpsB is a poly-�-1,6-
N-acetyl-D-glucosamine deacetylase required for biofilm formation in
Bordetella bronchiseptica. J. Biol. Chem. 290, 22827–22840

35. Jennings, L. K., Storek, K. M., Ledvina, H. E., Coulon, C., Marmont, L. S.,
Sadovskaya, I., Secor, P. R., Tseng, B. S., Scian, M., Filloux, A., Wozniak,
D. J., Howell, P. L., and Parsek, M. R. (2015) Pel is a cationic exopolysac-
charide that cross-links extracellular DNA in the Pseudomonas aerugi-
nosa biofilm matrix. Proc. Natl. Acad. Sci. U.S.A. 112, 11353–11358

36. Colvin, K. M., Alnabelseya, N., Baker, P., Whitney, J. C., Howell, P. L.,
and Parsek, M. R. (2013) PelA deacetylase activity is required for Pel
polysaccharide synthesis in Pseudomonas aeruginosa. J. Bacteriol. 195,
2329 –2339

37. Koo, H. M., Song, S. H., Pyun, Y. R., and Kim, Y. S. (1998) Evidence that a
�-1,4-endoglucanase secreted by Acetobacter xylinum plays an essential
role for the formation of cellulose fiber. Biosci. Biotechnol. Biochem. 62,
2257–2259

38. Kawano, S., Tajima, K., Kono, H., Erata, T., Munekata, M., and Takai,
M. (2002) Effects of endogenous endo-�-1,4-glucanase on cellulose
biosynthesis in Acetobacter xylinum ATCC23769. J. Biosci. Bioeng. 94,
275–281

39. Nakai, T., Sugano, Y., Shoda, M., Sakakibara, H., Oiwa, K., Tuzi, S., Imai,
T., Sugiyama, J., Takeuchi, M., Yamauchi, D., and Mineyuki, Y. (2013)

Formation of highly twisted ribbons in a carboxymethylcellulase gene-
disrupted strain of a cellulose-producing bacterium. J. Bacteriol. 195,
958 –964

40. Jain, S., and Ohman, D. E. (2005) Role of an alginate lyase for alginate
transport in mucoid Pseudomonas aeruginosa. Infect. Immun. 73,
6429 – 6436

41. Al Abdallah, Q., Choe, S. I., Campoli, P., Baptista, S., Gravelat, F. N., Lee,
M. J., and Sheppard, D. C. (2012) A conserved C-terminal domain of the
Aspergillus fumigatus developmental regulator MedA is required for nu-
clear localization, adhesion and virulence. PLoS One 7, e49959

42. Gravelat, F. N., Ejzykowicz, D. E., Chiang, L. Y., Chabot, J. C., Urb, M.,
Macdonald, K. D., al-Bader, N., Filler, S. G., and Sheppard, D. C. (2010)
Aspergillus fumigatus MedA governs adherence, host cell interactions and
virulence. Cell. Microbiol. 12, 473– 488

43. Lin, C. J., Sasse, C., Gerke, J., Valerius, O., Irmer, H., Frauendorf, H., Hei-
nekamp, T., Straßburger, M., Tran, V. T., Herzog, B., Braus-Stromeyer,
S. A., and Braus, G. H. (2015) Transcription factor SomA is required for
adhesion, development and virulence of the human pathogen Aspergillus
fumigatus. PLoS Pathog. 11, e1005205

44. Bom, V. L., de Castro, P. A., Winkelströter, L. K., Marine, M., Hori, J. I.,
Ramalho, L. N., dos Reis, T. F., Goldman, M. H., Brown, N. A., Rajendran,
R., Ramage, G., Walker, L. A., Munro, C. A., Rocha, M. C., Malavazi, I., et
al. (2015) The Aspergillus fumigatus sitA phosphatase homologue is im-
portant for adhesion, cell wall integrity, biofilm formation, and virulence.
Eukaryot. Cell 14, 728 –744

45. Winkelströter, L. K., Bom, V. L., de Castro, P. A., Ramalho, L. N., Gold-
man, M. H., Brown, N. A., Rajendran, R., Ramage, G., Bovier, E., Dos Reis,
T. F., Savoldi, M., Hagiwara, D., and Goldman, G. H. (2015) High osmo-
larity glycerol response PtcB phosphatase is important for Aspergillus fu-
migatus virulence. Mol. Microbiol. 96, 42–54

46. Ramage, G., Mowat, E., Jones, B., Williams, C., and Lopez-Ribot, J. (2009)
Our current understanding of fungal biofilms. Crit. Rev. Microbiol. 35,
340 –355

47. Nobile, C. J., and Mitchell, A. P. (2006) Genetics and genomics of Candida
albicans biofilm formation. Cell. Microbiol. 8, 1382–1391

48. Li, F., Svarovsky, M. J., Karlsson, A. J., Wagner, J. P., Marchillo, K., Oshel,
P., Andes, D., and Palecek, S. P. (2007) Eap1p, an adhesin that mediates
Candida albicans biofilm formation in vitro and in vivo. Eukaryot. Cell 6,
931–939

49. Nobile, C. J., Nett, J. E., Andes, D. R., and Mitchell, A. P. (2006) Function of
Candida albicans adhesin Hwp1 in biofilm formation. Eukaryot. Cell 5,
1604 –1610

50. Nobile, C. J., Schneider, H. A., Nett, J. E., Sheppard, D. C., Filler, S. G.,
Andes, D. R., and Mitchell, A. P. (2008) Complementary adhesin function
in C. albicans biofilm formation. Curr. Biol. 18, 1017–1024

51. Sheppard, D. C., Yeaman, M. R., Welch, W. H., Phan, Q. T., Fu, Y., Ibra-
him, A. S., Filler, S. G., Zhang, M., Waring, A. J., and Edwards, J. E., Jr.
(2004) Functional and structural diversity in the Als protein family of
Candida albicans. J. Biol. Chem. 279, 30480 –30489

52. Fu, Y., Ibrahim, A. S., Sheppard, D. C., Chen, Y. C., French, S. W., Cutler,
J. E., Filler, S. G., and Edwards, J. E., Jr. (2002) Candida albicans Als1p: an
adhesin that is a downstream effector of the EFG1 filamentation pathway.
Mol. Microbiol. 44, 61–72

53. Otoo, H. N., Lee, K. G., Qiu, W., and Lipke, P. N. (2008) Candida albicans
Als adhesins have conserved amyloid-forming sequences. Eukaryot. Cell
7, 776 –782

54. Ramsook, C. B., Tan, C., Garcia, M. C., Fung, R., Soybelman, G., Henry, R.,
Litewka, A., O’Meally, S., Otoo, H. N., Khalaf, R. A., Dranginis, A. M.,
Gaur, N. K., Klotz, S. A., Rauceo, J. M., Jue, C. K., and Lipke, P. N. (2010)
Yeast cell adhesion molecules have functional amyloid-forming se-
quences. Eukaryot. Cell 9, 393– 404

55. Garcia, M. C., Lee, J. T., Ramsook, C. B., Alsteens, D., Dufrêne, Y. F., and
Lipke, P. N. (2011) A role for amyloid in cell aggregation and biofilm
formation. PLoS One 6, e17632

56. Sadovskaya, I., Vinogradov, E., Li, J., Hachani, A., Kowalska, K., and
Filloux, A. (2010) High-level antibiotic resistance in Pseudomonas
aeruginosa biofilm: the ndvB gene is involved in the production of
highly glyc-

MINIREVIEW: Fungal Biofilm Exopolysaccharides

12536 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 24 • JUNE 10, 2016



erol-phosphorylated �-(1-33)-glucans, which bind aminoglycosides.
Glycobiology 20, 895–904

57. Bowen, W. H., and Koo, H. (2011) Biology of Streptococcus mutans-de-
rived glucosyltransferases: role in extracellular matrix formation of cario-
genic biofilms. Caries Res. 45, 69 – 86

58. Orlean, P. A. (1982) (1,3)-�-D-Glucan synthase from budding and fila-
mentous cultures of the dimorphic fungus Candida albicans. Eur.
J. Biochem. 127, 397– 403

59. Mio, T., Adachi-Shimizu, M., Tachibana, Y., Tabuchi, H., Inoue, S. B.,
Yabe, T., Yamada-Okabe, T., Arisawa, M., Watanabe, T., and Yamada-
Okabe, H. (1997) Cloning of the Candida albicans homolog of Saccharo-
myces cerevisiae GSC1/FKS1 and its involvement in �-1,3-glucan synthe-
sis. J. Bacteriol. 179, 4096 – 4105

60. Douglas, C. M., D’Ippolito, J. A., Shei, G. J., Meinz, M., Onishi, J., Marri-
nan, J. A., Li, W., Abruzzo, G. K., Flattery, A., Bartizal, K., Mitchell, A., and
Kurtz, M. B. (1997) Identification of the FKS1 gene of Candida albicans as
the essential target of 1,3-�-D-glucan synthase inhibitors. Antimicrob.
Agents Chemother. 41, 2471–2479

61. Kondoh, O., Tachibana, Y., Ohya, Y., Arisawa, M., and Watanabe, T.
(1997) Cloning of the RHO1 gene from Candida albicans and its regula-
tion of �-1,3-glucan synthesis. J. Bacteriol. 179, 7734 –7741

62. Mazur, P., and Baginsky, W. (1996) In vitro activity of 1,3-�-D-glucan
synthase requires the GTP-binding protein Rho1. J. Biol. Chem. 271,
14604 –14609

63. Shematek, E. M., and Cabib, E. (1980) Biosynthesis of the yeast cell wall. II.
Regulation of �-(1 leads to 3)glucan synthetase by ATP and GTP. J. Biol.
Chem. 255, 895–902

64. Shematek, E. M., Braatz, J. A., and Cabib, E. (1980) Biosynthesis of the
yeast cell wall. I. Preparation and properties of �-(1 leads to 3)glucan
synthetase. J. Biol. Chem. 255, 888 – 894

65. Taff, H. T., Nett, J. E., Zarnowski, R., Ross, K. M., Sanchez, H., Cain, M. T.,
Hamaker, J., Mitchell, A. P., and Andes, D. R. (2012) A Candida biofilm-
induced pathway for matrix glucan delivery: implications for drug resis-
tance. PLoS Pathog. 8, e1002848

66. Mishra, M., Byrd, M. S., Sergeant, S., Azad, A. K., Parsek, M. R., McPhail,
L., Schlesinger, L. S., and Wozniak, D. J. (2012) Pseudomonas aeruginosa
Psl polysaccharide reduces neutrophil phagocytosis and the oxidative re-
sponse by limiting complement-mediated opsonization. Cell. Microbiol.
14, 95–106

67. Mitchell, K. F., Taff, H. T., Cuevas, M. A., Reinicke, E. L., Sanchez, H.,
and Andes, D. R. (2013) Role of matrix �-1,3 glucan in antifungal
resistance of non-albicans Candida biofilms. Antimicrob. Agents

Chemother. 57, 1918 –1920
68. Nett, J., Lincoln, L., Marchillo, K., Massey, R., Holoyda, K., Hoff, B., Van-

Handel, M., and Andes, D. (2007) Putative role of �-1,3 glucans in Can-
dida albicans biofilm resistance. Antimicrob. Agents Chemother. 51,
510 –520

69. Nichols, W. W., Dorrington, S. M., Slack, M. P., and Walmsley, H. L.
(1988) Inhibition of tobramycin diffusion by binding to alginate. Antimi-
crob. Agents Chemother. 32, 518 –523

70. Colvin, K. M., Irie, Y., Tart, C. S., Urbano, R., Whitney, J. C., Ryder, C.,
Howell, P. L., Wozniak, D. J., and Parsek, M. R. (2012) The Pel and Psl
polysaccharides provide Pseudomonas aeruginosa structural redundancy
within the biofilm matrix. Environ. Microbiol. 14, 1913–1928

71. Nobile, C. J., Andes, D. R., Nett, J. E., Smith, F. J., Yue, F., Phan, Q. T.,
Edwards, J. E., Filler, S. G., and Mitchell, A. P. (2006) Critical role of Bcr1-
dependent adhesins in C. albicans biofilm formation in vitro and in vivo.
PLoS Pathog. 2, e63

72. Nobile, C. J., Nett, J. E., Hernday, A. D., Homann, O. R., Deneault, J. S.,
Nantel, A., Andes, D. R., Johnson, A. D., and Mitchell, A. P. (2009)
Biofilm matrix regulation by Candida albicans Zap1. PLoS Biol. 7,
e1000133

73. Alem, M. A., Oteef, M. D., Flowers, T. H., and Douglas, L. J. (2006) Pro-
duction of tyrosol by Candida albicans biofilms and its role in quorum
sensing and biofilm development. Eukaryot. Cell 5, 1770 –1779

74. Bachmann, S. P., VandeWalle, K., Ramage, G., Patterson, T. F., Wickes,
B. L., Graybill, J. R., and López-Ribot, J. L. (2002) In vitro activity of caspo-
fungin against Candida albicans biofilms. Antimicrob. Agents Chemother.
46, 3591–3596

75. Lazzell, A. L., Chaturvedi, A. K., Pierce, C. G., Prasad, D., Uppuluri, P., and
Lopez-Ribot, J. L. (2009) Treatment and prevention of Candida albicans
biofilms with caspofungin in a novel central venous catheter murine
model of candidiasis. J. Antimicrob. Chemother. 64, 567–570

76. Martins, M., Henriques, M., Lopez-Ribot, J. L., and Oliveira, R. (2012)
Addition of DNase improves the in vitro activity of antifungal drugs
against Candida albicans biofilms. Mycoses 55, 80 – 85

77. Martins, M., Uppuluri, P., Thomas, D. P., Cleary, I. A., Henriques, M.,
Lopez-Ribot, J. L., and Oliveira, R. (2010) Presence of extracellular DNA in
the Candida albicans biofilm matrix and its contribution to biofilms. My-
copathologia 169, 323–331

78. Rajendran, R., Williams, C., Lappin, D. F., Millington, O., Martins, M., and
Ramage, G. (2013) Extracellular DNA release acts as an antifungal resis-
tance mechanism in mature Aspergillus fumigatus biofilms. Eukaryot. Cell
12, 420 – 429

MINIREVIEW: Fungal Biofilm Exopolysaccharides

JUNE 10, 2016 • VOLUME 291 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 12537



What’s on the Outside Matters:
The Role of the Extracellular
Polymeric Substance of Gram-
negative Biofilms in Evading
Host Immunity and as a Target
for Therapeutic Intervention*
Published, JBC Papers in Press, April 21, 2016, DOI 10.1074/jbc.R115.707547

John S. Gunn‡§1, Lauren O. Bakaletz‡§¶1,
and Daniel J. Wozniak‡§�2

From the Departments of ‡Microbial Infection and Immunity and
�Microbiology, Ohio State University, Columbus, Ohio 43210, the
¶Departments of Pediatrics and Otolaryngology, The Research Institute at
Nationwide Children’s Hospital and Ohio State University, Columbus, Ohio
43210, and the §Center for Microbial Interface Biology, The Research
Institute at Nationwide Children’s Hospital, Columbus, Ohio 43205

Biofilms are organized multicellular communities encased in
an extracellular polymeric substance (EPS). Biofilm-resident
bacteria resist immunity and antimicrobials. The EPS provides
structural stability and presents a barrier; however, a complete
understanding of how EPS structure relates to biological
function is lacking. This review focuses on the EPS of three
Gram-negative pathogens: Pseudomonas aeruginosa, nontype-
able Haemophilus influenzae, and Salmonella enterica sero-
var Typhi/Typhimurium. Although EPS proteins and polysac-
charides are diverse, common constituents include extracellular
DNA, DNABII (DNA binding and bending) proteins, pili, fla-
gella, and outer membrane vesicles. The EPS biochemistry pro-
motes recalcitrance and informs the design of therapies to
reduce or eliminate biofilm burden.

Biofilms, which are defined as highly organized multicellular
communities of bacteria encased in an extracellular polymeric
substance (or EPS),3 contribute to most chronic infections in
the body. These infections confer a significant socioeconomic
burden with treatments costing billions of dollars annually.
Biofilm formation is key to the establishment of most chronic
bacterial infections, and a majority of the population will expe-

rience some form of chronic or recurrent bacterial disease in
their lifetime. Bacteria resident within a biofilm are highly
resistant to phagocytosis and other clearance mechanisms
and demonstrate substantially increased resistance to immune
effectors and antibiotics (see the accompanying review by van
Acker and Coenye (1)). Much of this resistance can be attrib-
uted to the EPS, which presents a formidable physical barrier to
cellular effectors of immunity and is highly recalcitrant to
removal. Although the EPS can be diverse, depending on the
microbe(s) that initiate its formation, most are composed of
bacterial proteins, polysaccharides, and extracellular DNA
(eDNA) (2). Moreover, as the EPS matrix encases the microbes,
it is the first to interact with the human immune system.
Although immune-mediated clearance of biofilms is often inef-
fective, the mechanistic basis is as yet undefined (3–5).

To develop new therapeutic strategies to limit chronic
human infection, it is crucial to understand how the biofilm
EPS provides protection against antimicrobials and the
immune system. Addressing this requires a greater understand-
ing of biofilm maturation in vivo with a focus on discerning
what factors influence whether the immune response either
augments biofilm formation, contributing to persistence, or
results in effective biofilm disruption with clearance of the
pathogen. This would include where, when, and why the
immune system fails to mediate clearance and/or actually facil-
itates maintenance of long-term biofilms and carriage. The
overall goal of this review is to describe the interface between
host immunity and the biofilm EPS matrix of three important
and well studied human pathogens (Pseudomonas aeruginosa
(Pa), nontypeable Haemophilus influenzae (NTHI), and Sal-
monella enterica serovar Typhimurium/Typhi (St/Sty)). The
human diseases under investigation in this proposal include
airway and other chronic infections (wounds, gastrointestinal
disease, and otitis media (OM)). Sophisticated, well established
animal models to both study each of these infections and con-
duct pre-clinical evaluation of biofilm-focused therapeutic
modalities will also be discussed.

EPS Components

Bacteria within biofilms are usually embedded in a matrix,
which consists of protein, polysaccharide, and nucleic acid, and
the matrix provides a critical role in the biofilm resistance phe-
notype (2, 6). In this section, a brief description of the major Pa,
NTHI, and St/Sty EPS components will be described (Table 1)
to allow readers a better understanding of their roles in biofilm
biology, topics discussed later in this review.

Exopolysaccharides

Exopolysaccharides contribute to the biofilm matrix of all
three organisms discussed herein. Perhaps the best studied is
Pa, which encodes at least three distinct polymers (Psl, Pel, and
alginate). The composition, role, and regulation of each of these
matrix components have been the subject of several recent
reviews (7, 8). Expression of alginate confers a mucoid pheno-
type to the organism, seen most often in Pa isolated from later
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stages of cystic fibrosis (CF) lung infections. Psl and Pel are
expressed in most non-mucoid Pa strains. Released Psl is a neu-
tral charged polymeric pentasaccharide, yet the structure of the
cell-associated Psl is not known (9, 10). Pel is a positively
charged polymer (11). Each of these polysaccharides has dis-
tinct roles in biofilms formed by mucoid or non-mucoid Pa
strains (7). In NTHI, there has yet to be an exopolysaccharide
identified that clearly contributes to biofilms, yet the lipooligo-
saccharide (LOS) plays a prominent role in modulating biofilm
structure. NTHI LOS can be modified by the addition of phos-
phorylcholine, although the role of this in biofilm function is
not clear (12, 13). The composition of the Salmonella spp. bio-
film matrix is complex and highly variable in response to altered
environmental conditions and variable among serovars. The
St/Sty polysaccharides identified to date include colanic acid,
O-antigen capsule, and cellulose (14, 15). Sty produces a dis-
tinct polysaccharide, Vi-antigen, a primary marker for infection
with this serovar and the basis of several current vaccine
approaches.

eDNA

Another abundant biofilm matrix building block, eDNA, is a
critical component of the NTHI, Pa, and St/Sty biofilm matrix
(6, 16, 17). The source of eDNA appears to be random genomic
sequences of varying lengths, with no apparent sequence selec-
tivity. eDNA is apparently derived from stochastic lysis of a
subpopulation of the bacteria within the biofilm. In most situ-
ations, eDNA is a contributing component of a more diverse
biofilm matrix and typically interacts with proteins or polysac-
charides to stabilize the matrix. In Pa and St, eDNA binds Pel
polysaccharide or amyloid fibers, respectively (11, 18). Interac-
tions of eDNA with other biofilm matrix components likely
explain why DNase treatment of biofilms has variable effects on
destabilizing the matrix.

Proteins

Proteins are increasingly recognized for their importance in
biofilm structure and function. For many organisms, the struc-
ture and resistance properties of biofilms can be eliminated by

protease treatment (19, 20). Matrix proteins include secreted
proteins as well as components of adhesins or motility organ-
elles. Large-scale proteomic studies have been performed on
EPS recovered from both NTHI and Pa (20, 21). Consistent
from these studies and others is the abundance of outer mem-
brane proteins and type IV pili in these matrix preparations.
The best studied matrix proteins produced by Pa include lec-
tins LecA and LecB (22) and CdrA (23). Although both LecA
and LecB are carbohydrate-binding proteins involved in bio-
film formation, it is not clear how they contribute to matrix
formation and neither appears to associate with Pel or Psl.
CdrA, a large extracellular adhesin-like protein, associates with
Psl and contributes to biofilm integrity (23). For NTHI, one of
the best studied matrix proteins is type IV pilin protein, which
has been shown to: 1) serve as a constituent of the EPS; 2) be
necessary for twitching motility; and 3) contribute significantly
to the architecture of an NTHI biofilm (17). The main protein-
aceous component of St biofilms is curli pili, which structurally
and biochemically are amyloid fibers. Curli appear to pro-
mote bacteria-surface and bacteria-bacteria interactions that
enhance biofilm stability (24). Additionally, St surface flagella
mediate attachment to cholesterol (primary constituent of gall-
stones) in the initial stages of biofilm development, whereas
fimbriae do not appear to play a significant role in this process
(25). Also, BapA is a large surface protein variably associated
with the production of robust biofilm formation in Salmonella
spp. (26). Finally, the DNABII family of proteins (e.g. HU and
IHF) has been observed associated in a highly organized fashion
with the eDNA outside of the bacterium (27) (see below).

Outer Membrane Vesicles (OMVs)

Most Gram-negative bacteria produce OMVs that contain a
diverse array of molecules, which contribute to a variety of
biological processes. Bacterial OMVs can allow trafficking
of biomolecules to other cells in their environment. Studies
showed that OMVs are definitive components of the Pa and
NTHI biofilm EPS (28, 29), and they contain cargo that may
contribute to the matrix EPS (Table 1). Although mutants that
regulate both Escherichia coli and NTHI OMV biogenesis have

TABLE 1
EPS components of bacterial biofilms

Bacteria and components
ReferencesPa NTHI St/Sty

Polysaccharide
Psl LOS O-antigen capsule 7, 8, 70, 81, 101, 102
Pel Cellulose
Alginate Colanic acida

Vi-Antigenb

Protein
CdrA 18 biofilm-specific proteins including major

OMPsc P1, P2, and P5
Curli (amyloids)
BapA

19, 20, 26, 27, 103

LecA/LecB
DNABII proteins (IHF and HU) DNABII proteins (IHF and HU) DNABII proteins (IHF and HU)

eDNA
Yes Yes Yes 6, 17

Others
Outer membrane vesicles Outer membrane vesicles Flagella 82, 12, 17, 25, 104
Type IV pili Type IV pili
Amyloid (Fap)

a Produced in non-typhoidal serovars, but not in serovar Typhi.
b Produced by typhoidal strains (serovars Typhi, Paratyphi C) as well as serovar Dublin, but not other non-typhoidal serovars.
c OMPS, outer membrane proteins.
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recently been identified (30), their precise role in modulating
biofilm/EPS structure has not been evaluated.

Role of EPS in Promoting Recalcitrance to Host Immunity

The biofilm EPS of Pa, NTHI, and St/Sty promote resistance
to killing by innate immune constituents (Fig. 1) including
antimicrobial peptides (AMPs), professional phagocytes, and
serum factors. Part of this resistance is mediated by the biofilm
community structure, which likely sterically limits engulfment
by host cells, as well as the penetration of immune components.
The eDNA and polysaccharides can bind and sequester
immune components, particularly those with a charge differen-
tial such as AMPs and matrix eDNA. Opsonization by comple-
ment and by immunoglobulins is also negatively affected by
EPS. The bacteria within the biofilm respond by producing
factors that limit the oxidative and non-oxidative capabilities
of phagocytic cells, aiding bacterial survival. Additionally, as
exemplified by Pa, host immune components can promote Pa
diversification with variants having enhanced EPS production
providing further recalcitrance (31, 32).

It is well accepted that the biofilm mode of growth affords Pa
protection from host immune effectors (33). This appears to be
independent of where Pa biofilms form in its host. One of the
first studies to address this revealed that human neutrophils are
capable of penetrating biofilms and carry out phagocytosis and
granule secretion. However, the neutrophils exhibit a distinct
non-reactive morphology and increase oxygen consumption,
yet fail to kill bacteria (4). The precise mechanisms underlying
this mitigation of neutrophil defense function is currently
unknown. Perhaps the best recognized recalcitrance mecha-
nism is the production of quorum sensing-dependent rhamno-
lipid by biofilm-grown Pa. Rhamnolipid has potent cytotoxicity
toward polymorphonuclear leukocytes (3). As with several
other exopolysaccharides, the presence of Psl or alginate on the

Pa surface inhibits phagocytosis by limiting opsonin deposition
(34, 35). Alginate also provides Pa protection from IFN-�-me-
diated macrophage killing (36). Expression of both Pel and Psl
in Pa affords protection against clearance in murine models of
acute infection (35, 37). Likewise, eDNA provides resistance to
AMPs and aminoglycosides by chelating cations, which other-
wise could lead to perturbation of Pa membrane structure/
function and induction of the PhoPQ and PmrAB regulon. Pos-
itively charged AMPs can bind eDNA, sequestering them from
the bacterial cell surface (38). Of note, Pa variants that emerge
during chronic infection have a hyper-biofilm phenotype
and express elevated levels of EPS, which provides these bac-
teria further protection from host defenses. Often, products
of the robust inflammatory response (e.g. H2O2 or antimi-
crobial peptides) enhance the frequency of variants that
emerge (31, 32, 39).

The NTHI EPS also confers immune resistance to the resi-
dent microbes via a variety of mechanisms. One of the first
examples was that LOS provided resistance to phagocytosis by
polymorphonuclear leukocytes in vitro as well as to extracellu-
lar killing mediated by the action of histones and elastase within
neutrophil extracellular traps (40). Izano et al. (41) utilized both
proteinase K and DNase treatment to measure resistance of
NTHI biofilms to a variety of biocides. They concluded that the
cohesive properties conferred by proteinaceous intercellular
adhesins and the eDNA within the EPS contributed to resis-
tance, perhaps by providing a barrier to penetration and/or by
sequestration of these agents within the matrix. A recent study
(42) demonstrated that NTHI-produced peroxiredoxin-glu-
taredoxin and catalase promote resistance to oxidants and sur-
vival within neutrophil extracellular traps, whereas another
study showed that production of the DNA-binding protein Dps
also confers resistance of NTHI to oxidative stress in vitro and

FIGURE 1. Role of EPS in promoting recalcitrance to host immunity. The biofilm architecture, as well as products released by biofilms, can help mediate
resistance to immune clearance. Categories of factors to which biofilms provide recalcitrance include, in addition to traditional antibiotics, antimicrobial
peptides, engulfment/killing by professional phagocytes, and opsonization (antibodies/serum complement). Additionally, in some instances, host inflamma-
tion can signal biofilm EPS production (arrow). Horizontal line termini denote biofilm-mediated resistance to the immune effector.
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to clearance in vivo (43). Finally, in addition to providing struc-
ture to NTHI biofilms, eDNA present within the biofilm matrix
binds the AMP human �-defensin 3, thus limiting its access to
bacteria resident within the biofilm and reducing its antimicro-
bial activity (44).

Salmonella species produce numerous EPS components in
vitro; however, comparatively little is known about the in vivo
condition. These EPS components include cellulose, colanic
acid, O-antigen capsule, Vi antigen, curli pili, eDNA, and other
protein components. Some of these EPS members are species-
specific: for example, colanic acid (produced only in non-ty-
phoidal species) and Vi-antigen (produced in typhoidal spe-
cies). Winter and colleagues (45, 46) showed that the Sty
Vi-antigen prevents complement receptor 3 (CR3)-mediated
clearance and neutrophil chemotaxis, and results in reduced
IL-8 production. O-antigen capsule and Vi capsular polysac-
charide prevent complement-mediated clearance of Salmo-
nella (45, 47). Deletion of colanic acid genes enhances antibody
production to vaccine strains, likely by unmasking surface anti-
gens (47). Curli pili, on the other hand, are sensed by Toll-like
receptor (TLR) 1/2 and NLRP3 (48, 49). Additionally, the two-
component regulatory systems PhoPQ and PmrAB mediate
AMP resistance in Salmonella in part by divalent cation sensing
via a periplasmic acidic patch of PhoQ and induction of LPS
modification. The production of eDNA is a key component of
Salmonella biofilms, and the chelation of Mg2� in biofilm
eDNA mediates AMP resistance in a PmrAB/PhoPQ-depen-
dent manner (16).

Animal Models to Interrogate EPS Biofilm Attributes

Experiments in animals are often essential for defining the
virulence potential of microbes and the host response to infec-
tion, and validating treatment modalities. The development of
models that faithfully mimic human chronic biofilm diseases
has been challenging. Striking an appropriate balance between
modeling the persistent disease state (biofilm) yet limiting overt
systemic spread typically requires careful attention to the
pathogen burden, providing localized, confined delivery, and
monitoring/manipulation of the immune system. Such meth-
ods have been applied to the development of chronic infections
involving Pa, NTHI, or Sty. The advantages and potential lim-
itations of each method are discussed.

Pa causes an array of both chronic and acute infections (50).
As such, there are several models that have been developed to
mimic such infections (for a review, see Ref. 51). Although most
models provide insights into the pathogenesis of acute disease,
there are often issues with the chronic models. In fact, progress
in our understanding of the role of biofilms in persistence and
the development/testing of therapeutics in many Pa chronic
infections is hampered by the absence of suitable models.
Nonetheless, murine models do exist for the study of CF airway
diseases. Perhaps the most widely used is the intratracheal
instillation in rodents of Pa embedded in either agar or alginate
beads (52). The agar or alginate matrix provides protection
against clearance. Although variations of this have also been
adapted to cftr-defective mice, these models do not exhibit
characteristic CF ion transporter defects in the lungs and fail
to faithfully reproduce the chronic infections that occur in

humans. More promising CF models include the epithelial
sodium channel (ENaC)-overexpressing mouse (53) and the
porcine CF model (54). Perhaps the best systems to study
chronic Pa infections lie in the various wound models that have
been developed. These incorporate murine systems, including
those with chronic diabetes syndrome (55, 56). As wound heal-
ing dynamics and pathogenesis in murine systems differ from
those in humans, others have implemented porcine wound
models of persistent infections with Pa growing as single or
mixed species biofilms (57, 58). Other biofilm-associated mod-
els, including those that mimic device related/implant or cor-
neal infections, have also been applied with success (50, 51, 59).

NTHI induces multiple diseases of the upper and lower res-
piratory tract including OM, sinusitis, bronchitis, and exacer-
bations of both chronic obstructive pulmonary disease (COPD)
and CF. The majority of these include a biofilm component,
which contributes greatly to the chronicity and/or recurrence
of disease. To model these diseases and investigate the role of
biofilms in pathogenesis, two rodent hosts have been relied
upon. For OM, the chinchilla has served as the predominant
mammalian host (60). This has become a robust and highly
reproducible model of this prevalent pediatric disease (61)
with the formation of large biofilms that remain in the mid-
dle ear for many weeks. In the majority of these studies,
NTHI was inoculated directly into the middle ear space
wherein biofilms form rapidly; however, in chinchillas that
have been co-challenged with respiratory syncytial virus
(RSV), NTHI, and Moraxella catarrhalis, both M. catarrha-
lis and NTHI ascend the Eustachian tube to induce mixed
species biofilm formation in the middle ear (62). The murine
host has served as the predominant rodent model for dem-
onstration of biofilm formation by NTHI in the lower airway
and investigation of its role in chronic obstructive pulmo-
nary disease and other pulmonary infections (43, 63); how-
ever, the significantly smaller size of this host has limited the
biomass of samples available for evaluation.

Salmonella colonize humans and animals to cause a spec-
trum of diseases, with the primary clinical manifestations of
gastroenteritis and typhoid fever. Sty is the primary etiologic
agent of typhoid fever, which is an acute illness, but can result in
a chronic, asymptomatic infection primarily localized to the
gallbladder (14). Gallbladder colonization by Salmonella dur-
ing chronic infection has been known for more than a century.
A high percentage of human carriers harbor gallstones, and
biofilms form on gallstone surfaces during chronic carriage (64,
65). A mouse model of carriage has been developed based on
the documented long-term survival of St (the mouse model
for the human-specific Sty) in NRAMP1�/� (SLC11A1) mice
(129X1/SvJ) and the ability to induce gallstone formation in the
mouse with a lithogenic diet (66). Such gallstone-containing
mice harbor a 5000-fold increase in bacteria in the gallbladder
and demonstrate a 500-fold increased shedding in feces, while
bacterial biofilms can be observed on gallstone surfaces. Studies
have been carried out to 1 year after infection in the 129X1/SvJ
model, showing colonization of the gallbladder, as well as distal
sites (mesenteric lymph nodes and bone marrow) (67, 68). Bio-
film formation on the gallbladder epithelium and epithelial cell
invasion have also been observed in the chronic mouse model
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and may account for persistence in the absence of gallstones
(67). In human carriers and in acute mouse models, gallbladder
tissues possess Salmonella within and/or on the epithelium
(69). Explanted tissue from the chicken intestinal epithelium
has also been used to study Salmonella biofilms and intestinal
colonization (70).

Therapies Targeting EPS to Reduce or Eliminate
Biofilm Burden

Diseases wherein a biofilm contributes to the chronic and
recurrent nature of the disease course require novel methods
for diagnosis, treatment, and prevention. Given the recalcitrant
nature of biofilm-resident bacteria to the action of antibiotics, a
variety of non-antibiotic approaches are being investigated
(Fig. 2), including those that focus on physical disruption,
surgical removal, and even ex vivo thermal mitigation to
eradicate biofilms present on implanted medical devices
(71). This area of research is beyond the scope of this article;
however, there have been several recent excellent reviews
(72, 73). The following strategies have been explored for
their ability to disrupt established Pa, NTHI, and St/Sty bio-
films, either in vitro or in vivo.

Matrix-degrading Enzymes

Given that eDNA is a common EPS constituent, treatment of
biofilms with DNase has been explored as a mechanism for
biofilm disruption for many microbes including NTHI (74)
(Fig. 2A). In certain diseases, disruption of the heavy DNA
strands contributed by neutrophil netting (e.g. as in the viscous
middle effusion recovered from children with chronic OM) by
DNase provides an additional desired clinical outcome. Given
the abundance of alginate in biofilms produced by many
mucoid Pa isolates, the use of alginate lyase to disperse biofilms
has been investigated (75). A recent study (76) reinforced the
conclusions about the biofilm-disruptive properties of this
approach as well as its synergistic interaction with antibiotics.
However, they present data that question the mechanisms that
underlie alginate lyase enzyme-based therapies. Another
approach for disruption of biofilms formed by Pa has involved
the use of glycoside hydrolases to target exopolysaccharides
present within the EPS, as the enzymes PelAh, PslGh, and Sph3h

can disrupt existing Pa biofilms in vitro (77, 78). The accompa-
nying review by Sheppard and Howell discusses this class of
enzymes in more detail (79). Likewise, the enzyme Dispersin B
in combination with an AMP showed synergistic antibiofilm/

FIGURE 2. Therapies that target the EPS to reduce or eliminate biofilm burden. Four therapeutic strategies targeting EPS (A–D) are indicated and discussed
further in the text. Symbols depicting methods and targets are indicated along the top, and proposed mechanisms of action are indicated at the bottom of each
panel.
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antibacterial activity in a chronic wound model of Pa infection
(80). For St, cellulase has been used in vitro to target cellulose,
which often (depending on growth conditions) has a dramatic
negative effect on biofilm formation (81). DNase is also highly
effective at disrupting eDNA-rich biofilms formed by St (18).

Immunotherapeutics

Constituents of the biofilm EPS can also serve as targets for
immune intervention as a result of either a natural immune
response or one directed by immunization (Fig. 2B). Biofilms
already established in the middle ears of chinchillas were
resolved following transcutaneous immunization with a chime-
ric immunogen that incorporated epitopes of type IV pili and
outer membrane protein P5, delivered with the adjuvant dmLT,
a double mutant of the E. coli heat labile enterotoxin (83).
Clearance of these established biofilms was attributed to the
action of immunogen-specific IgG and IFN�- and IL-17-pro-
ducing CD4� T-cells and secretion of host defense peptides
within the middle ear (84). Within this same line of investiga-
tion, by targeting a lynchpin protein that is positioned at the
vertices of crossed strands of eDNA present within the biofilm
matrix (e.g. either IHF or HU of the DNABII family of DNA-
binding proteins), biofilms formed by NTHI, St/Sty, and Pa can
be significantly disrupted when exposed to antiserum directed
against a DNABII protein. This treatment is proposed to induce
an equilibrium shift, which removes these proteins from the
biofilm matrix, thereby mediating catastrophic structural col-
lapse (27).

Small Molecule Inhibitors

In an early study, the ability of a mixture of D-amino acids to
prevent Pa biofilm formation (85) suggested that they might
similarly be useful to disrupt these biofilms (Fig. 2C). Others
found that specific D-amino acids disrupted Pa biofilms and
were particularly effective when combined with antibiotics
(86). When used alone, however, treatment of Pa biofilms with
a mixture of D-amino acids induced �30% increase in matrix
production, thereby suggesting the potential to inadvertently
provide protection for any remaining viable or persister cells
(86). Recently, Leiman et al. (87) indicated that D-tyrosine actu-
ally inhibited bacterial growth, and others have not found D-
amino acids to be effective (88). Additional studies are clearly
needed to resolve the exact mechanism of action. Much of the
effort with St biofilm disruption has focused on chemical dis-
ruption to mediate sterilization of food processing surfaces (not
reviewed here), but a broad-spectrum anti-biofilm peptide
(peptide 1018) was utilized to induce a disruptive cellular stress
response in St, Pa, and other bacteria (89). This peptide eradi-
cated mature biofilms when used at low concentrations by tar-
geting the enzymes RelA and SpoT, which mediate the synthe-
sis of two small signaling nucleotides (collectively referred to as
guanosine tetra- or pentaphosphate guanosine ((p)ppGpp))
involved in the stringent response. Although little additional
literature exists regarding St/Sty dispersal agents, an ATP-mi-
metic biofilm inhibitory compound that reduced initial St bind-
ing but did not disrupt existing biofilms has been identified
(90). This compound also showed activity against Acinetobacter
baumannii. Furthermore, several different classes of potent St

and Pa biofilm inhibitors have been identified, centered on bro-
minated furanones, 2-aminoimidazoles, and 2-aminoimidazo-
line-based compounds (91, 92).

Signaling Pathway Targets

Many signaling pathways have been implicated in biofilm
development, including two-component regulators, cyclic
nucleotides, nitric oxide, phenazines, small peptides, and quo-
rum sensing (QS) (Fig. 2D). Due to its pivotal importance in
biofilm development, much of the work in this area has focused
on the action of the second messenger cyclic di-GMP (see the
accompanying background in the Valentini and Filloux review
(93)). A recent study showed that the diguanylate cyclase GcbA
mediated Pa biofilm dispersal via activation of the chemosen-
sory protein BdlA (94). In a related line of investigation, a sub-
stituted fatty acid messenger, cis-2-decenoic acid (CDA), pro-
duced by Pa can disperse biofilms formed by a range of bacteria
and even Candida albicans (95). A recent study (96) using a
microarray-based approach to better define the CDA-mediated
signaling pathways and mechanisms involved identified
enhanced motility, altered metabolic activity, virulence, and
persistence at varied temperatures. Use of CDA in combination
with antimicrobials mediated the best results. Although char-
acterization of the QS pathways utilized by NTHI, as well as
defining their important role in pathobiology, is an area of
active investigation, to date this approach has not been exten-
sively explored as a means to disrupt existing biofilms despite
recognition of its potential (97). One recent in vivo study, how-
ever, showed that the ability to disrupt pre-existing NTHI bio-
films in the middle ears of chinchillas following immunization
with the majority subunit of the type IV pilus was dependent
upon the production of AI-2 quorum signaling molecules via
the activity of the 4,5-dihydroxy-2,3-pentanedione (DPD) syn-
thase, LuxS (98). This suggests that immune pressure could
induce a dispersal response. Moreover, the addition of DPD to
type IV pili� NTHI biofilms mediated their dispersal. Although
comparatively less is appreciated regarding QS signaling and
biofilm development in St, several investigators have consid-
ered the feasibility of this approach, and although not tested for
their ability to disrupt an existing biofilm, an alkyl-DPD panel
of AI-2 inhibitors potently inhibits St QS (99). The accompany-
ing review by Kavanaugh and Horswill (100) provides an excel-
lent discussion of the Staphylococcus aureus agr QS pathway,
which controls the production of exotoxins and exoenzymes
required for infection and biofilm production and dispersal.

Synopsis and Perspectives

The ability of a bacterium to form a biofilm aids the estab-
lishment and development of recurrent and chronic infection.
Moving forward, challenges include the development of animal
models that accurately model human infection, the definition
of EPS components produced in vivo and their relative contri-
butions to the establishment and maintenance of chronic infec-
tion, anti-biofilm discovery with in vivo efficacy, and a more
complete understanding of immune modulation by biofilm
components. Much remains to be learned regarding persistent
bacterial infections and immune system interactions, but the
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study of Pa, NTHI, and St/Sty biofilms in vitro and in vivo has
helped to advance this work.
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Regulation of biofilm formation in Salmonella enterica serovar Typhi-
murium. Future Microbiol. 9, 1261–1282

16. Johnson, L., Horsman, S. R., Charron-Mazenod, L., Turnbull, A. L.,

Mulcahy, H., Surette, M. G., and Lewenza, S. (2013) Extracellular DNA-
induced antimicrobial peptide resistance in Salmonella enterica serovar
Typhimurium. BMC Microbiol. 13, 115–115

17. Jurcisek, J. A., and Bakaletz, L. O. (2007) Biofilms formed by nontypeable
Haemophilus influenzae in vivo contain both double-stranded DNA and
type IV pilin protein. J. Bacteriol. 189, 3868 –3875

18. Gallo, P. M., Rapsinski, G. J., Wilson, R. P., Oppong, G. O., Sriram, U.,
Goulian, M., Buttaro, B., Caricchio, R., Gallucci, S., and Tükel, Ç. (2015)
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89. de la Fuente-Núñez, C., Reffuveille, F., Haney, E. F., Straus, S. K., and
Hancock, R. E. (2014) Broad-spectrum anti-biofilm peptide that targets a
cellular stress response. PLoS Pathog. 10, e1004152

90. Koopman, J. A., Marshall, J. M., Bhatiya, A., Eguale, T., Kwiek, J. J., and
Gunn, J. S. (2015) Inhibition of Salmonella enterica biofilm formation
using small-molecule adenosine mimetics. Antimicrob. Agents Che-
mother. 59, 76 – 84

91. Janssens, J. C. A., Steenackers, H., Robijns, S., Gellens, E., Levin, J., Zhao,
H., Hermans, K., De Coster, D., Verhoeven, T. L., Marchal, K., Vander-
leyden, J., De Vos, D. E., and De Keersmaecker, S. C. J. (2008) Brominated
furanones inhibit biofilm formation by Salmonella enterica serovar Ty-
phimurium. Appl. Environ. Microbiol. 74, 6639 – 6648

92. Steenackers, H. P. L., Ermolat’ev, D. S., Savaliya, B., Weerdt, A. D., Coster,
D. D., Shah, A., Van der Eycken, E. V., De Vos, D. E., Vanderleyden, J., and
De Keersmaecker, S. C. J. (2011) Structure-activity relationship of 2-hy-
droxy-2-aryl-2,3-dihydro-imidazo[1,2-a]pyrimidinium salts and 2N-
substituted 4(5)-aryl-2-amino-1H-imidazoles as inhibitors of biofilm
formation by Salmonella Typhimurium and Pseudomonas aeruginosa.
Bioorg. Med. Chem. 19, 3462–3473

93. Valentini, M., and Filloux, A. (2016) Biofilms and c-di-GMP signaling:
lessons from Pseudomonas aeruginosa and other bacteria. J. Biol. Chem.
291, 12547–12555

94. Petrova, O. E., Cherny, K. E., and Sauer, K. (2015) The diguanylate cyclase
GcbA facilitates Pseudomonas aeruginosa biofilm dispersion by activat-
ing BdlA. J. Bacteriol. 197, 174 –187

95. Davies, D. G., and Marques, C. N. (2009) A fatty acid messenger is re-
sponsible for inducing dispersion in microbial biofilms. J. Bacteriol. 191,
1393–1403

96. Rahmani-Badi, A., Sepehr, S., Fallahi, H., and Heidari-Keshel, S. (2015)
Dissection of the cis-2-decenoic acid signaling network in Pseudomonas
aeruginosa using microarray technique. Front. Microbiol. 6, 383

97. Armbruster, C. E., and Swords, W. E. (2010) Interspecies bacterial com-
munication as a target for therapy in otitis media. Expert Rev. Anti. Infect.
Ther. 8, 1067–1070

98. Novotny, L. A., Jurcisek, J. A., Ward, M. O., Jr., Jordan, Z. B., Goodman,
S. D., and Bakaletz, L. O. (2015) Antibodies against the majority subunit
of type IV pili disperse nontypeable Haemophilus influenzae biofilms in a
LuxS-dependent manner and confer therapeutic resolution of experi-
mental otitis media. Mol. Microbiol. 96, 276 –292

99. Lowery, C. A., Abe, T., Park, J., Eubanks, L. M., Sawada, D., Kaufmann,
G. F., and Janda, K. D. (2009) Revisiting AI-2 quorum sensing inhibitors:
direct comparison of alkyl-DPD analogues and a natural product fim-
brolide. J. Am. Chem. Soc. 131, 15584 –15585

100. Kavanaugh, J. S., and Horswill, A. R. (2016) Impact of environmental cues
on staphylococcal quorum-sensing and biofilm development. J. Biol.
Chem. 291, 12556–12564

101. Gibson, D. L., White, A. P., Snyder, S. D., Martin, S., Heiss, C., Azadi, P.,
Surette, M., and Kay, W. W. (2006) Salmonella produces an O-antigen
capsule regulated by AgfD and important for environmental persistence.
J. Bacteriol. 188, 7722–7730

102. Murphy, T. F., and Kirkham, C. (2002) Biofilm formation by nontypeable
Haemophilus influenzae: strain variability, outer membrane antigen ex-
pression and role of pili. BMC Microbiol. 2, 7
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The cyclic di-GMP (c-di-GMP) second messenger represents
a signaling system that regulates many bacterial behaviors and is
of key importance for driving the lifestyle switch between motile
loner cells and biofilm formers. This review provides an up-to-
date compendium of c-di-GMP pathways connected to biofilm
formation, biofilm-associated motilities, and other functional-
ities in the ubiquitous and opportunistic human pathogen Pseu-
domonas aeruginosa. This bacterium is frequently adopted as a
model organism to study bacterial biofilm formation. Impor-
tantly, its versatility and adaptation capabilities are linked with a
broad range of complex regulatory networks, including a large
set of genes involved in c-di-GMP biosynthesis, degradation,
and transmission.

Bacteria can live as planktonic cells exploring aqueous envi-
ronments or as a sessile biofilm community. The switch from
planktonic to sessile occurs when, under propitious conditions,
individual cells encounter a surface and undergo a series of
dramatic physiological, metabolic, and phenotypic changes.
Among these changes are the slowdown of metabolic activities
and the production of an extracellular matrix, a complex mix-
ture of exopolysaccharides, proteins, and nucleic acids (1). In
the case of pathogens, the two bacterial lifestyles also differ in
terms of virulence factor production and infection strategies.
Although planktonic cells cause fulminant acute infections, the
formation of a biofilm correlates with deep-rooted chronic
infections and resistance to both phagocytosis and antimicro-
bial agents (2).

Cyclic di-GMP (c-di-GMP)3 is recognized as an intracellular
signaling molecule coordinating the “lifestyle transition” from

motility to sessility and vice versa (i.e. dispersion) (3). The cor-
relation between high c-di-GMP concentration in the cell and
biofilm formation or between low c-di-GMP levels and motility
has been demonstrated in several bacteria species, e.g. Esche-
richia coli, Pseudomonas aeruginosa, and Salmonella enterica
serovar Typhimurium (4). P. aeruginosa biofilms are estimated
to contain on average 75–110 pmol of c-di-GMP per mg of total
cell extract, whereas planktonic cells contain less than 30 pmol
mg�1 (5). This concept is widely accepted but does not include
the multiplicity of c-di-GMP transmission cascades operating
during biofilm. Biofilm determinants modulated by c-di-GMP
range from flagella rotation to type IV pili retraction, exopoly-
saccharide production, surface adhesin expression, antimicro-
bial resistance and other stress responses, secondary metabolite
production, and biofilm dispersion (3). How do we reconcile
the global effect of the intracellular c-di-GMP concentration on
stimulating the biofilm lifestyle with the discrete actions of
c-di-GMP on biofilm formation? Biofilm formation is consid-
ered as a developmental process that includes attachment to
and movement on the surface, formation of microcolonies,
maturation, and ultimately dispersal (1, 6, 7). It is proposed that
cells use c-di-GMP as a checkpoint to proceed through the
distinct stages of biofilm development until they fully commit
to the biofilm lifestyle, although they may still be offered the
choice to revert the decision at any time (3, 8).

The c-di-GMP Metabolism

The levels of c-di-GMP in the cell are modified by the rate of
its synthesis and degradation. The molecule is synthesized from
two molecules of GTP by enzymes called diguanylate cyclases
(DGCs) and is degraded into 5�-phosphoguanylyl-(3�-5�)-
guanosine (pGpG) and/or GMP by phosphodiesterases (PDEs)
(Fig. 1A). Using bioinformatics, biochemical, and structural
approaches, the catalytic domains of DGCs and PDEs have been
identified and characterized: the former carrying a GGDEF
active site motif, and the latter carrying either EAL or HD-GYP
domains (9, 10). These domains can stand alone in a protein or
can be present in association with receiver or transmission
domains, suggesting a modulation of their enzymatic activity in
response to external/internal signals, whereas several have
multiple hydrophobic segments, suggesting membrane local-
ization (Fig. 1B). This indicates a possible post-translational
regulation of DGCs and PDEs that may segregate their activity
temporally or spatially. Moreover, GGDEF and EAL domains
can both be present in the same protein. In these so-called
“hybrid” proteins, either only one of the two domains is catalyt-
ically active, the other having acquired a regulatory function, or
a third regulatory domain is present, probably disjoining the
activity of the GGDEF and EAL domains (11, 12). Recently,
examples of proteins with dual DGC and PDE activities have
been described, shedding some light on this “biochemical
conundrum” (13–15). In P. aeruginosa, the GGDEF and the
EAL domains of MucR are activated differently so that in plank-
tonic cells, MucR functions as a DGC and as a positive regulator
of alginate biosynthesis, whereas in biofilms, it functions as a
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PDE and is a positive regulator of biofilm dispersal induced by
nitric oxide or glutamate (16).

Large-scale genome sequencing led to the discovery that
GGDEF- and EAL-containing proteins are nearly ubiquitous in
the bacterial kingdom and that bacterial genomes contain mul-
tiple copies of genes encoding GGDEF, EAL, or HD-GYP
domain-containing proteins (17). A census of all the GGDEF,
EAL, and HD-GYP domains in bacterial genomes is available at
http://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-
GMP.html (18). The abundance of DGCs and PDEs in a
genome may be correlated to the number of complex cellular
functions linked with c-di-GMP signaling and to the diver-
sity of possible signals coordinating these functions. The
P. aeruginosa genome encodes one of the highest numbers of
DGCs and PDEs: 18 GGDEF, 5 EAL, 16 GGDEF/EAL, and 3
HD-GYP predicted proteins (supplemental Table S1).

DGCs: GGDEF Domain Proteins

DGCs function as homodimers. The GGDEF catalytic site is
placed at the dimer interface and is involved in the binding of
two molecules of GTP and in their conversion into c-di-GMP,
with Mg2� as cofactor. Five amino acids upstream of the
GGDEF active site is the inhibitory site (I-site) RXXD, where
the feedback inhibition of the cyclase activity occurs. Binding of
c-di-GMP at the I-site prevents the formation of enzymatically
active DGC dimers (19). The first experimental demonstration
of a DGC activity comes from the work on PleD, a response
regulator in Caulobacter crescentus (20). Nowadays the PleD
activity is well defined together with its receiver (REC) domain
and the phosphorylation-induced dimerization. In P. aerugi-
nosa, the first biochemical characterization of a DGC stems
from the work on WspR, which contains a REC-GGDEF
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FIGURE 1. Molecular basis of c-di-GMP signaling in P. aeruginosa. A, c-di-GMP is synthesized by diguanylate cyclases (green) that carry GGDEF domains and
degraded by phosphodiesterases (red) that carry either EAL or HD-GYP domains. EAL phosphodiesterases linearize c-di-GMP into pGpG, which is successively
hydrolyzed into 2 GMP molecules primarily by the oligoribonuclease Orn (orange) (34, 35). HD-GYP-phosphodiesterases are proposed to perform both steps
of the c-di-GMP degradation process (31). Feedback inhibition mechanisms are illustrated by gray lines. In the cell, c-di-GMP regulates cellular processes at
different levels (transcriptional, post-transcriptional, and post-translational). The diversity of c-di-GMP-binding receptors and effectors (blue) is the key of the
c-di-GMP pleiotropic mechanisms. B, spatial localization signals and partner domain occurrence for GGDEF, EAL, and HD-GYP proteins of P. aeruginosa. Table
based on the work of Seshasayee et al. (17) *: The sets of proteins corresponding to each of the category are not mutually exclusive. Organization of classes is
in agreement as described previously (17). TM helices, transmembrane helices. C, pie chart illustrating numerical proportion of GGDEF, EAL, and HD-GYP
proteins in P. aeruginosa.
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domain organization (supplemental Table S1). The DGC was
named after its regulatory role on the P. aeruginosa wrinkly
spreader phenotype that is correlated with a thick biofilm due
to an increased production of exopolysaccharides (21). The
control of WspR activity occurs by three different routes that
are proposed to occur sub-sequentially. First, upon sensing
growth on the surface, the Wsp signal transduction complex
phosphorylates WspR and triggers c-di-GMP synthesis (21, 22).
In turn, the WspR phosphorylation triggers subcellular WspR
oligomerization and cluster formation, which further increases
the DGC activity (23). Finally, the feedback inhibition of WspR
activity occurs by c-di-GMP binding at the I-site (24). The
mechanisms of WspR regulation are supported by structural
studies, which revealed that, in solution, the protein can exist in
three stable forms: a globular dimer (active), a tetramer (more
active), and an elongated dimer (less active due to c-di-GMP
binding) (25, 26).

PDEs: EAL or HD-GYP Domain Proteins

The EAL domain hydrolyzes c-di-GMP into linear pGpG
(Fig. 1). Contrary to DGCs, the EAL activity of PDEs seems to be
independent of protein oligomerization, whereas it is depen-
dent on binding metal ions (requiring Mg2� or Mn2� and
inhibited by Ca2� and Zn2�) (27). The glutamate residue (E) in
the EAL signature motif is essential, whereas a change of the
alanine residue (A) into tyrosine or valine (ETL and EVL) still
sustains the enzymatic activity. In P. aeruginosa, the CheY-EAL
domain protein RocR was identified as a response regulator in
the RocSAR signaling system (28). This system is composed of a
membrane sensor RocS1 and two response regulators, RocA1
and RocR. RocR activity is triggered by phosphorylation at the
CheY domain, and the protein competes with RocA1 for the
phosphoryl transfer from the RocS1 sensor. Overall, the Roc
system regulates biofilm formation and virulence genes expres-

sion (cup fimbriae gene clusters and type III secretion system
genes) (28, 29).

HD-GYP domain-containing proteins belong to the HD
superfamily of metal-dependent phosphohydrolases (11). This
enzyme hydrolyzes c-di-GMP in a two-step reaction, produc-
ing as a final product two molecules of GMP (Fig. 1). Contrary
to GGDEF and EAL proteins, this class of enzyme is not ubiq-
uitous in bacteria, but still widely distributed (18). The first
biochemical studies on HD-GYP proteins were conducted on
the RpfG PDE from Xanthomonas campestris (30). In P. aerugi-
nosa, two of the three HD-GYP proteins (PA4108, PA4781, and
PA2572) were shown to have a PDE activity in vivo and in vitro
(supplemental Table S1) (31, 32). The structure of PA4781 has
been resolved, showing that PA4781 preferentially binds to
pGpG over c-di-GMP, and the low rate in hydrolyzing c-di-
GMP brought into question its primary work as a genuine PDE
(33). Interestingly, pGpG is also a signaling molecule, and it is
proposed as a possible alternative to c-di-GMP in certain con-
ditions (3, 31). Finally, the 3�-5�exoribonuclease Orn has been
identified in P. aeruginosa as primarily responsible for the
pGpG cleavage into two GMP molecules (34, 35).

Discrete Role of DGCs and PDEs on P. aeruginosa Biofilm
Formation and during Infection

Besides WspR and RocR, described previously, other DGCs
and PDEs have been reported as key players in P. aeruginosa
biofilm formation. Careful examination of dgc and pde mutant
phenotypes, combined with epistasis analysis, pointed at spe-
cific features about the role of, for example, SadC and RoeA
(DGC) or BifA (PDE) (supplemental Table S1). This resulted in
a more global understanding of their relative importance at
different stages of the biofilm development process (36, 37). In
Fig. 2, we illustrate this concept by including all the P. aerugi-
nosa DGCs and PDEs that have been in one way or another
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FIGURE 2. Coordinated action of c-di-GMP signaling pathways and two-component system cascades in the control of P. aeruginosa biofilm develop-
ment. In the laboratory, biofilm formation is shown to be a cyclic process that initiates with attachment to the surface of planktonic bacteria (first reversible and
then irreversible). A bacteria microcolony is subsequently formed, which evolves into a mature mushroom-shaped macrocolony until the biofilm-associated
cells disperse to resume again a planktonic lifestyle. Planktonic, biofilm, and dispersed cells possess distinct physiological stages (green, black, and red outline,
respectively) (1, 7). The upper panel illustrates DGC (green), PDE (red), and c-di-GMP receptors/effectors (blue) and the developmental stage in which they are
proposed to act. Specific references to each DGC/PDE/effector are available in supplemental Tables S1 and S2. The lower panel illustrates biofilm stage-specific
two-component regulatory systems (45). The gradient of the gray panels in the background of the figure indicates increasing intracellular c-di-GMP levels (also
indicated with *, **, ***, and ****).
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associated with biofilm formation. At least five DGCs have been
described to specifically control the transition from planktonic
to surface-associated growth: WspR, SadC, RoeA, SiaD, and
YfiN/TpbB (21, 36 –39). Instead, the GcbA and NicD DGCs or
the DipA (Pch), RbdA, and NbdA PDEs have been linked to
biofilm dispersal (5, 40 – 44).

The sequential intervention of these enzymes reveals that
c-di-GMP pathways are well coordinated, organized, insulated,
and tuned by global regulatory networks (45). These networks
repress or activate distinct c-di-GMP pathways in a defined
temporal window. In P. aeruginosa, this concept is supported
through several examples such as the connection between c-di-
GMP signaling and the Gac/Rsm cascade for the control of
biofilm formation (Fig. 3), between c-di-GMP signaling and the
SagS pathway for the regulation of biofilm antimicrobial resis-
tance, or between c-di-GMP signaling and the Las-mediated
quorum-sensing system for the control of biofilm formation
and collective motilities (44, 46 – 48).

P. aeruginosa is predominant in chronic infection of cystic
fibrosis patients, where the bacterium persists for many years,
creating life-threatening lung damage. Over the course of long-
term infections, P. aeruginosa undergoes extensive genetic and
phenotypic adaptation to the lung environment, resulting in a
less virulent state with increased production of biofilm (49). A
consequence of the P. aeruginosa adaptation to the lungs is its
phenotypic heterogeneity, e.g. the mucoid or the small colony
variant (SCV) phenotype (50). In general, SCV colonies appear
small, slow growing, and more resistant to several classes of
antibiotics, with an increased production of exopolysaccha-
rides and high c-di-GMP levels (50, 51). The c-di-GMP signal-

ing has been proposed to be instrumental for SCV formation
because overexpression/activation of DGC such as WspR or
YfiN (TbpB) induces the SCV phenotype, whereas mutations in
the wsp and yfi systems were identified in SCVs isolated from
cystic fibrosis patients. YfiN is a membrane-anchored DGC,
which up-regulates the pel and psl exopolysaccharide operons
(39), whereas its activity is repressed by the YfiR periplasmic
protein (52). YfiB is an outer membrane lipoprotein and an
antagonist of YfiR (53). Finally, exposure to sub-inhibitory con-
centration of antibiotic triggers SCVs formation (54, 55), and in
the case of kanamycin, this effect is linked to c-di-GMP via the
PvrR PDE (55).

Molecular Mechanisms of c-di-GMP Regulation

The regulation of cellular functions by c-di-GMP occurs at
multiple levels, including (i) allosteric regulation of an enzyme
activity or protein function, (ii) regulation of gene expression
through modulation of a transcription factor, and (iii) regula-
tion of gene expression by direct interaction with noncoding
RNA molecules (riboswitches). The molecular bricks by which
c-di-GMP builds these regulatory connections are constituted
by an array of different c-di-GMP-binding receptors or c-di-
GMP effector molecules. We define here c-di-GMP receptors
as those molecules that detect c-di-GMP levels in the cell and
consequently translate the information into the activation of
a specific cellular response/signaling pathway. Instead, c-di-
GMP effectors are defined as proteins whose activity changes
allosterically upon c-di-GMP binding and consequently regu-
late a defined interacting target protein. A list of identified c-di-
GMP receptors/effectors in P. aeruginosa is presented in sup-
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FIGURE 3. The Gac/Rsm cascade in P. aeruginosa is genetically linked to c-di-GMP through SadC. The GacS/GacA two-component system is promoting the
expression of two small regulatory RNAs, RsmY and RsmZ, which sequester the translational repressor RsmA. Titration of RsmA induces the production of
sessile and biofilm determinants, whereas free RsmA leads to a planktonic and more virulent lifestyle (45, 99). Several additional regulators modulate the
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the molecular details of the link were elucidated: SadC, a DGC whose production is repressed by RsmA, is a central player for the Gac/Rsm regulation of biofilm
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both instrumental for a proper development of the biofilm.
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plemental Table S2. Among the known c-di-GMP-binding
motifs, we include inactive GGDEF, EAL, HD-GYP domains,
PilZ domains, and other less characterized examples (11, 56).

In P. aeruginosa, PelD is a c-di-GMP receptor whose expres-
sion and binding to c-di-GMP are required for Pel polysaccha-
ride production (57). PelD is an inner membrane protein with a
GAF domain and a degenerated GGDEF domain with a con-
served I-site (supplemental Table S2). The binding of c-di-
GMP to PelD occurs at the I-site (57). How the binding stimu-
lates Pel production and/or secretion remains unclear. One can
speculate that the c-di-GMP-bound form of PelD interacts with
the Pel machinery in a way that induces conformational
changes which stimulate exopolysaccharide transport (58, 59).

PilZ domains contain two conserved motifs: an RXXXR motif
with two conserved arginine residues surrounding one of the
c-di-GMP guanine and a DXSXXG motif that surrounds the
other guanine (60). Alg44 is a membrane-associated protein
with a cytoplasmic PilZ domain. This protein binds c-di-GMP
and is required for P. aeruginosa alginate production (61, 62).

Although inactive DGCs, PDEs, and PilZ domains can be
recognized in silico, other effectors are challenging to identify
using bioinformatics prediction. A number of transcriptional
regulators have been identified as c-di-GMP receptors. In
P. aeruginosa, FleQ is an enhancer-binding protein that at low
levels of c-di-GMP is the master activator of flagellar gene
expression (63). Homologs of FleQ are present in all Pseudomo-
nas species and in many flagellated gamma-proteobacteria (64).
FleQ does not possess a PilZ domain, but c-di-GMP competi-
tively inhibits FleQ ATPase activity by interacting with the
ATP-binding site (65). At high levels of intracellular c-di-GMP,
the binding of the molecule to FleQ converts its function as a
repressor of the pel, psl, and cdr genes, involved in production
of exopolysaccharides and adhesins, into an activator (66).
Another c-di-GMP-responsive transcriptional regulator of
P. aeruginosa is BrlR (67). BrlR participates in the resistance of
biofilm cells to antimicrobial agents by increasing the expres-
sion of genes encoding multidrug efflux pumps (68, 69). Inter-
estingly, BrlR has a stronger binding affinity for c-di-GMP than
FleQ (as characterized by a Kd of 2.2 �M and of 15–20 �M

respectively; supplemental Table S2), which suggests that BrlR
activation occurs at lower c-di-GMP levels and at earlier stages
in the biofilm development process as compared with FleQ
(67). In general, determination of the affinity constants of the
different receptors or effectors for c-di-GMP can be considered
as useful information to determine at which global levels of
c-di-GMP they are activated and by extension within which
physiological window they act. Finally, c-di-GMP could also act
as a competitive inhibitor for certain enzymes capable of catab-
olizing ATP, such as the FliI flagellar ATPase (70).

The hunt for identifying new c-di-GMP-binding proteins is
ongoing, and both a priori and a posteriori (or targeted)
approaches are being employed. A priori approaches are based
on affinity pulldown assays using c-di-GMP-conjugated Sep-
harose resin, biotin, or a tripartite c-di-GMP capture com-
pound to enrich c-di-GMP-binding proteins from whole cell
lysates (71–73). The differential radial capillary action of ligand
assay (DRaCALA) is also used to systematically screen protein
expression libraries for their c-di-GMP binding activity

(74). Alternatively, the a posteriori approaches are “educated
guesses,” in which gene products functionally associated with
c-di-GMP-regulated processes are tested for c-di-GMP binding
via several biochemical assays, among them DRaCALA, iso-
thermal titration calorimetry, and a peptide array approach
(74 –76).

The Specificity of c-di-GMP Signaling

A pioneering analysis of all GGDEF and EAL domain-con-
taining proteins from two P. aeruginosa strains (PAO1 and
PA14), using transposon mutant libraries or strains overex-
pressing dgc/pde genes, revealed that DGCs or PDEs are not
redundant and have a different impact on biofilm formation or
cytotoxicity (77). Several plausible explanations are proposed
for the partial loss or gain of a specific phenotype when deleting
a dgc or a pde gene. One is that DGCs and PDEs are differen-
tially controlled at the level of gene expression or enzyme activ-
ity and therefore could have a distinct impact on the global pool
of c-di-GMP. Another is related to the degree of c-di-GMP
signaling specificity and the existence of local c-di-GMP pools
in the cell.

c-di-GMP is a small molecule and presumably diffuses freely
in the bacterial cytoplasm. In such a context, all DGCs and
PDEs may affect the pool of c-di-GMP uniformly throughout
the cell. The degree of c-di-GMP-mediated responses is then
possibly determined by the binding affinity of c-di-GMP for
different effectors, which in turn leads to various outputs and
phenotypes.

The low specificity model does not clash with the idea of a
temporal sequestration of DGCs and PDEs. Temporal seques-
tration is reached by modulation of dgc or pde gene expression
at a defined time period, in response to environmental or cel-
lular alterations through functional association to specific reg-
ulatory networks. In P. aeruginosa, for example, a case can be
made for the repression of SadC by the Gac/Rsm cascade (46),
the nutrient-induced activation of the NicD/BdlA/DipA cas-
cade (5), or the presence of Wsp and Yfi multi-protein com-
plexes that control WspR and YfiN DGCs activity, respectively
(21, 39, 53).

An alternative hypothesis that may result in highly specific
signaling is that each individual DGC and PDE regulates only a
subset of c-di-GMP-regulated behaviors. The way this may be
achieved is via molecular mechanisms that sequester the signal
(c-di-GMP pool) in multi-protein complexes or at distinct cel-
lular sites. An example is the PleD polar sequestration during
cell division in C. crescentus (20), the YcgR flagellar motor con-
trol in E. coli and Salmonella (78, 79), the PilZ-FimXEAL-c-di-
GMP complex of Xanthomonas citri (80), the c-di-GMP
dependent localization mechanism of LapA in Pseudomonas
fluorescens (81), or the WspR subcellular clustering in
P. aeruginosa (23). Interesting lessons on signaling molecule
compartmentalization can be taken from cAMP signaling stud-
ies in eukaryotes, where the creation of cAMP compartments is
achieved mainly by localization of PDEs (82).

It becomes obvious that understanding regulatory mecha-
nisms of DGCs and PDEs is not as simple as measuring global
c-di-GMP levels in the cell, and c-di-GMP-dependent control
involves highly complex and tightly regulated signaling sys-
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tems. Low and high signaling specificity could not be mutually
exclusive. In the context of c-di-GMP regulation of localized
structural machineries, such as flagella or type IV pili, it is rea-
sonable to think that the maintenance of a local c-di-GMP pool
would guarantee a more rapid and efficient control of their
activity (78 – 80). Instead, for the overall development of a bio-
film, the global c-di-GMP pool may guarantee coordination
and cross-talking between multiple pathways (Fig. 2).

Emerging Challenges in c-di-GMP Signaling Research

Novel and original observations on c-di-GMP signaling in
P. aeruginosa have recently emerged and have raised new fun-
damental and challenging questions.
Heterogeneity of c-di-GMP Levels in Individual Cells

A FRET-based biosensor has been recently constructed and
an asymmetrical distribution of c-di-GMP was observed during
P. aeruginosa and C. crescentus cell division (83). The concept
of a bimodal distribution of c-di-GMP in C. crescentus was not
surprising, given its asymmetric cell cycle and the PleD/TipF/
PopA localization and activity (8). In the case of P. aeruginosa,
this observation was more unexpected, as the bacterium pro-
duces morphologically similar progeny. Along this line, the
same group showed that a specific PDE (named Pch and previ-
ously identified as DipA) modulates motility by localizing at the
flagellated cell pole. The enzyme is thus asymmetrically parti-
tioned upon cell division to generate c-di-GMP heterogeneity
(84). Phenotypic heterogeneity in a population of genetically
identical cells has been demonstrated in many bacterial species,
particularly for biofilm-forming bacteria. An example is the
bistable expression of the biofilm master regulator CsgD in Sal-
monella (85), with CsgD connected to a complex c-di-GMP-de-
pendent regulatory network. Therefore, c-di-GMP might be
instrumental for survival and persistence within a changing
environment by creating a phenotypic heterogeneous clonal
population.

Cross-talk between Second Messengers

Although c-di-GMP is the second messenger associated with
biofilm and chronic infection, cAMP has been shown as being a
hallmark for P. aeruginosa virulence (i.e. acute infection) (86).
The dichotomy between these two second messengers is sug-
gested by the observation that increasing c-di-GMP levels, via
activation of WspR and YfiN, consequently decreases cAMP
levels via an unknown mechanism (87). Interestingly, in the
biofilm state, cAMP and c-di-GMP are observed to be spatially
organized. Indeed, bacterial cells carrying a cAMP reporter dis-
play only little activity in flow chamber-grown biofilm except
for cells in the outer layer, whereas a c-di-GMP reporter is over-
all more active, especially at the bottom of the biofilm and in the
middle of microcolonies. Further evidence of a connection
between cAMP and c-di-GMP is given by the cAMP-dependent
regulation of the minor pilin gene pilY1, which seems to acti-
vate a signaling cascade causing the increase of c-di-GMP levels
during P. aeruginosa transition from reversible to irreversible
attachment (88). This cross-talk concept is likely to be further
expanded and might involve other small molecules such c-di-
AMP or ppGpp (89). A P. aeruginosa strain lacking (p)ppGpp is

sensitive to multiple classes of antibiotics and is defective in
biofilm formation (90). The connection between c-di-GMP and
(p)ppGpp has been recently proposed in Mycobacterium smeg-
matis, where both signaling molecules may be involved in the
metabolism of glycopeptidolipids and polar lipids, leading to an
increase of the bacterium antibiotic resistance (91).

c-di-GMP Regulation of Antimicrobial Resistance

Cells in a biofilm can be up to 1000 times less susceptible to
antimicrobial agents than planktonic cells (92). The reasons for
the biofilm tolerance are multiple, including slow growth or the
presence of an extracellular matrix (93, 94). By regulating bio-
film, c-di-GMP signaling can therefore also influence the anti-
microbial resistance of the bacterium. Recently, new c-di-
GMP-related mechanisms have been described to contribute to
P. aeruginosa antibiotic resistance, independently from biofilm
formation. A pel mutant strain with high c-di-GMP levels
(overexpression of the PA5487 DGC) has a higher fitness in the
presence of imipenem as compared with the same strain with
low c-di-GMP levels (PvrR PDE overexpression) (95). Sub-in-
hibitory concentrations of aminoglycosides induce biofilm for-
mation in terms of biomass but are not linked to exopolysac-
charide production. The PDE Arr has been demonstrated to be
necessary for such a response (96). Finally, lowering c-di-GMP
levels in P. aeruginosa by engineering a sagS deletion renders
the bacterium more susceptible to antibiotics, whereas this
strain is still capable of forming proper biofilms (47, 48). Fur-
thermore, upon overexpression of the AdcA DGC, resistance to
antibiotics is restored to wild type levels (48).

Overall, the possibility to fight against biofilm formation,
antimicrobial resistance, and chronic infections by manipulat-
ing and subverting c-di-GMP signaling is an interesting thera-
peutic challenge (97, 98). The targets are multiple and give the
opportunity to intervene at a global level by targeting DGCs or
PDEs, or to be more clinical by aiming at specific receptors/
effectors and thus inhibit specific pathways.

Final Remarks and Future Perspectives

P. aeruginosa has come to be a remarkable model organism
for bacterial pathogenesis (2, 55, 93). Nowadays a wide variety
of technical tools are available for researchers who intend to
study this microorganism. The significant progresses that have
been made in understanding c-di-GMP-regulated phenotypes
in P. aeruginosa could therefore be applicable to other bacteria
that are relatively less easy to manipulate in the laboratory.

Importantly, despite this progress, many questions about
c-di-GMP mechanisms of action remain unanswered. The
basics of c-di-GMP metabolism have been elucidated, and we
understand most of the enzymology behind its synthesis and
degradation. However, the detailed mechanisms through
which c-di-GMP operates, and in particular the process of spe-
cific transmission, remain obscure. Identification of new c-di-
GMP receptors/effectors surely helps researchers in making
better connections between c-di-GMP signaling and functional
output. Now, have we identified all the players and their role in
the c-di-GMP contest? Surely not! In the case of the c-di-GMP
regulation of exopolysaccharide production/secretion in
P. aeruginosa, for example, although a good number of involved
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DGCs/PDEs/effectors have been identified, e.g. PelD or Alg44,
how they act on the associated molecular mechanism(s)
remains to be deciphered.
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Staphylococci are commensal bacteria that colonize the epi-
thelial surfaces of humans and many other mammals. These
bacteria can also attach to implanted medical devices and
develop surface-associated biofilm communities that resist
clearance by host defenses and available chemotherapies. These
communities are often associated with persistent staphylococ-
cal infections that place a tremendous burden on the healthcare
system. Understanding the regulatory program that controls
staphylococcal biofilm development, as well as the environmen-
tal conditions that modulate this program, has been a focal point
of research in recent years. A central regulator controlling bio-
film development is a peptide quorum-sensing system, also
called the accessory gene regulator or agr system. In the oppor-
tunistic pathogen Staphylococcus aureus, the agr system con-
trols production of exo-toxins and exo-enzymes essential for
causing infections, and simultaneously, it modulates the ability
of this pathogen to attach to surfaces and develop a biofilm, or
to disperse from the biofilm state. In this review, we explore
advances on the interconnections between the agr quorum-
sensing system and biofilm mechanisms, and topics covered
include recent findings on how different environmental condi-
tions influence quorum sensing, the impact on biofilm develop-
ment, and ongoing questions and challenges in the field. As our
understanding of the quorum sensing and biofilm interconnec-
tion advances, there are growing opportunities to take advan-
tage of this knowledge and develop therapeutic approaches to
control staphylococcal infections.

The staphylococci are a large genus of Gram-positive bacte-
ria that live as commensals of mammals (1). These bacteria
colonize the skin or mucous membranes and thrive in an
asymptomatic relationship with the host. The most notorious
species of the genus is Staphylococcus aureus, which persis-

tently colonizes �20% of the human adult population, prefera-
bly in the anterior nares and secondarily on the skin (2). Despite
being a commensal, S. aureus can cause a tremendous range of
disease, from simple skin infections to life-threatening ail-
ments, such as sepsis, endocarditis, and osteomyelitis (3). Cou-
pled with this infection diversity, antibiotic resistance levels are
rising, with methicillin-resistant S. aureus (MRSA) becoming
epidemic in many hospital settings, limiting available treatment
options (4, 5). Adding to the challenge is the constant emer-
gence of new strain lineages, such as the USA300 strains that
have clonally expanded across the United States (6), making it
difficult to keep up with the rapidly evolving nature of this
pathogen.

The fact that S. aureus can colonize without harming the
host is somewhat surprising considering the depth of secreted
virulence factors produced by this pathogen (3, 7, 8). These
include an impressive array of pore-forming toxins, degradative
enzymes, superantigens, and other immunostimulatory exo-
proteins. Indeed, many of these virulence factors are being pro-
duced at some level during colonization based on the presence
of antibody responses (9). To tailor the virulence factor arsenal,
S. aureus relies on intricate layers of regulation that control
when and where these weapons are released. One of these reg-
ulatory circuits is a cell-to-cell communication system that
responds to a peptide signal. When the cell density of S. aureus
reaches a critical threshold (e.g. a quorum of cells), the concen-
tration of this signal accumulates and activates a regulatory
cascade referred to as “quorum sensing.” This cascade induces
the production of exo-enzymes and many of the toxins that
make S. aureus a more invasive pathogen (10, 11).

The quorum-sensing system of the staphylococci is called the
accessory gene regulator or “agr” system. The central machin-
ery of the system is encoded within the four-gene agrBDCA
operon on the chromosome (Fig. 1). The first two genes encode
proteins that build the quorum-sensing signal, also called an
autoinducing peptide or AIP.2 AgrD is the peptide precursor of
the AIP signal, and AgrB is an integral membrane endopepti-
dase that processes AgrD into the final structure (12, 13), with
assistance from the housekeeping type I signal peptidase (14).
Outside the cell, the AIP signal accumulates to levels as high as
10 �M (15), and once it overcomes the activation threshold for
the AgrC receptor, the signal transduction cascade is activated.
The AgrC histidine kinase self-phosphorylates upon activation,
and this phosphate is transferred to the response regulator
AgrA, which in turn binds four promoters on the chromosome
(16). The primary output is the P3 promoter that drives RNAIII
expression. The RNAIII transcript is the major effector of the
system (10), and higher levels of RNAIII lead to up-regulation of
exo-toxins and exo-enzymes. Some of this regulation occurs
directly through RNA-protein interactions that promote trans-
lation of selected virulence factors (17), and other regulation
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occurs through RNAIII-dependent inhibition of the translation
of the Rot repressor (18, 19). For the other three promoters,
AgrA activates the expression of the P2 promoter for the agrB-
DCA operon (Fig. 1), leading to the autoinduction loop, and
AgrA also activates expression of transcripts for the �- and
�-phenol-soluble modulins (PSMs) (16).

Adding to the complexity of the agr quorum-sensing system
is the fact that many species within the Staphylococcus genus
contain multiple variants of the system. In a S. aureus clinical
isolate, only one copy of the agr system will be present on the
chromosome, but the system can be any one of four types, each
with the same basic components. The variation is that each
system will make a unique AIP signal (e.g. AIP-I, AIP-II, AIP-III,
and AIP-IV), and there will be corresponding changes in AgrB
and AgrC to build and detect this signal, sometimes called the
variable region (Fig. 1). Staphylococcus epidermidis has three
different types of the agr system (20), whereas other Staphylo-

coccal species have variable numbers of the system (10). Intras-
pecies and interspecies signaling with all the AIP types occurs
and has been investigated for S. aureus and S. epidermidis
(20 –22).

The agr system has been the target of multiple comprehen-
sive reviews (10, 11, 23, 24), and for more details not covered
herein, the interested reader is referred to these articles. In this
minireview, we will focus on the variety of environmental cues that
have been demonstrated to impact quorum signaling in the staph-
ylococci. Many of these are cues that are found in the host during
colonization or infection, such as the impact of serum proteins and
reactive oxygen species on agr function. How some of these agr
regulatory changes modulate biofilm development will also be
covered. The majority of the studies presented have been per-
formed with S. aureus, and wherever possible, examples with
other staphylococci will be included. Finally, some challenges to be
overcome and future perspectives are included.

FIGURE 1. Schematic of the agr system in S. aureus including host and environmental factors that have been shown to modulate agr activity. The
locus consists of divergent transcripts called RNAII and RNAIII, driven by the P2 and P3 promoters, respectively. The RNAII transcript encodes the core
machinery of the system. AgrD is the peptide precursor of the AIP that is processed by and exported through AgrB (and the housekeeping type I signal
peptidase SpsB) at the cytoplasmic membrane. Outside the cell, AIP binds to the AgrC receptor, a membrane-bound histidine kinase, which activates
AgrC, causing it to auto-phosphorylate, and in turn phosphorylate the AgrA response regulator through a phosphotransfer reaction. Phosphorylated
AgrA binds to the P2 and P3 promoters as well as the �-PSM and �-PSM promoters (not shown), resulting in increased transcription. The RNAIII transcript
encodes �-toxin and serves as the primary effector of the agr system by post-transcriptionally regulating the expression of numerous virulence factors.
Host (hemoglobin, neutrophil ROS, and lipoproteins) and environmental factors (acid, oxygen and ROS, and nutrients) that can enhance or inhibit agr
activity are indicated.
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Impact of Environmental Cues on Quorum Sensing

Numerous environmental and metabolic factors such as pH,
reactive oxygen species (ROS), and nutrient availability, can
modulate agr quorum sensing in S. aureus (all listed in Table 1).
The mechanisms by which these factors impact quorum sens-
ing are diverse (Fig. 1), but can be organized roughly into three
broad categories: (i) suppression of quorum sensing through
the action of ROS, generated by innate immunity cells, upon
components of the agr system; (ii) transcriptional up- or down-
regulation of agr expression as a consequence of various non-
agr regulatory proteins binding within the agr P2-P3 promoter
region; and (iii) the up- or down-regulation of agr expression by
environmental factors for which the mechanism of action is yet
to be determined. It should be noted that there is a burgeoning
field of “quorum-quenching” research aimed at identifying
small molecule natural products capable of inhibiting quorum
sensing, and this area of research has recently been subject of
several recent reviews (25–27). This review will focus on the
impact of host factors, nutrients, and metabolic state on quo-
rum-sensing function, and the interconnection with biofilm
development.

Direct Action of Serum and ROS on agr Components

Studies of global changes in S. aureus gene expression have
noted that reduced transcription of agr RNAIII is among the
most pronounced effects of growth in fresh serum (28, 29),
suggesting that serum contains at least one quorum-sensing
inhibitory factor. Multiple lines of evidence (30 –33) suggest
that ROS generated by innate immunity cells are largely, if not
entirely (34), responsible for this quorum-quenching activity.

There is evidence that both AgrA and AIP are sensitive to
oxidative stress associated with ROS. In the case of AgrA, oxi-
dative stress induces disulfide bond formation (between Cys-
199 and Cys-228) that adversely impacts the ability of AgrA to
bind to P2-P3 promoter (33). In the case of AIP, ROS can inter-
fere with quorum sensing through two distinct mechanisms,
one specific to AIP types I and IV and the other (see next sec-
tion) applicable to all four AIP types. Exposure, either in vitro or
in vivo, of AIPs I or IV to phagocyte-derived ROS can oxidize
the side chain of the C-terminal methionine (32), rendering the
pheromones unable to activate AgrC. However, the fact that agr
expression has been detected, either by quantitative real-time-
PCR measurement of RNAIII levels in an agr type I strain (35)

or by GFP expression under control of the PSM promoter in an
agr type III strain (36), would imply that ROS inhibition of AgrA
or AIP for bacteria located within PMN phagosomes is of lim-
ited importance. It should be noted that expression of RNAIII,
relative to that of GAPDH reference gene, increased in a mul-
tiplicity of infection (MOI)-dependent manner (35), suggesting
that at higher MOIs the bacteria may overcome the ability of
NADPH oxidase to generate sufficient ROS. More importantly,
when NADPH oxidase was inhibited by pretreating PMNs with
diphenylene iodonium, the increases in expression of RNAIII,
relative to expression in post-opsonized S. aureus control bac-
teria, were 8 –37-fold greater than the increases observed for
untreated PMNs at similar time points and MOIs (35). This
suggests that inhibition of AgrA and/or AIP activities by ROS
may make, at least in part, a genuine contribution to the agr-
inhibiting activity of serum.

The other serum inhibitory mechanism involves sequestra-
tion of AIP by lipoproteins. The details of this mechanism have
been unveiled through a series of studies (30, 31, 37). Initially, it
was observed that pooled human serum, but not lipoprotein-
deficient serum, could inhibit quorum sensing by an agr type I
reporter strain during in vitro growth (31). Additional reporter
assays narrowed the source of inhibition to LDL and VLDL, and
ultimately to the apolipoprotein B (ApoB) component of the
lipoproteins. SPR confirmed direct binding of purified ApoB to
immobilized AIP-I, indicating that sequestration of AIP-I con-
tributes to the quorum-sensing inhibition by serum. Impor-
tantly, soluble AIP-II and AIP-IV were found to inhibit binding
of ApoB to immobilized AIP-I, as measured by SPR, suggesting
that sequestration of AIP by ApoB may be generally applicable
to all four AIP types. A role for ROS generated by NADPH
oxidase (Nox2) in the AIP sequestration mechanism was dis-
covered during a follow-up study that investigated the applica-
bility of this mechanism to AIP-III based quorum sensing (30).
It was observed that LDL inhibited quorum sensing in an agr
type III strain to a lesser extent than purified ApoB, implying
that structural differences between free ApoB and ApoB in LDL
may impact the ability of ApoB to bind AIP-III. Because oxida-
tion of the lipid component of LDL was known to alter the
conformation of ApoB in the LDL, the ability of oxidized LDL
(oxLDL) to inhibit AIP-III based quorum sensing was measured
and found to be equal to that of purified ApoB. Subsequently, it
was demonstrated that reducing the amount of oxLDL in the

TABLE 1
List of environmental cues impacting agr function

Host/Environmental factor Effect Mechanism References

Hemoglobin Inhibit Unknown 60, 61
Serum lipoproteins Inhibit Sequestration of all 4 AIP types 30, 31, 33, 34
SrrAB Inhibit SrrA binds agrP2P3 at low O2 concentration 42, 43
AirRS Inhibit Reduced DNA binding activity of AirR at low O2 concentration inhibits agr by

unknown mechanism
41

CodY Inhibit CodY binds agrP2P3 under good nutrient availability 55, 58, 59
SarA Enhance Binds to agrP2P3 causing DNA bending that increases transcription 44–49
SarR, SarX Inhibit Compete with AgrA for binding to agrP2P3 44–49
MgrA, SarZ, and other SarA

family members
Inhibit or enhance Modulate expression of SarA, SarR, and SarX, as well as expression of one another 44–49

Glucose Inhibit May be due to decrease in pH due to catabolism 62–65
Acid pH Inhibit Unknown 62
ROS Inhibit Met oxidation of AIPs I and IV 31, 32
ROS Inhibit Oxidize lipid component of lipoproteins, resulting in increased AIP sequestration 30
ROS Inhibit Cys oxidation in AgrA inhibits DNA binding 33
ROS Inhibit or enhance Modification of conserved Cys in SarA family of regulators alters DNA binding activity 50, 51
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serum of Nox2 knock-out mice correlated with increased sus-
ceptibility to infection by an agr type III strain. The general
applicability of AIP sequestration was demonstrated by SPR
experiments that showed direct binding of oxLDL to immobi-
lized AIP-II or immobilized AIP-IV. Consistent with the gen-
erality of this mechanism, it was recently reported that apoli-
poprotein B100 in VLDL and apoB48 in chylomicrons also
inhibit quorum sensing by AIP sequestration (37). Most
recently, it was found that mice with hypolipidemia that
reduced ApoB levels in their lungs suffered from increased
morbidity and inflammation in an S. aureus pneumonia model
(38), highlighting the importance of sequestration of AIP by
serum lipoproteins as a mechanism of innate immunity.

In a separate study, James et al. (34) discovered that AgrC
point mutations that render AgrC constitutively active over-
came quorum-sensing inhibition by serum lipoproteins, lead-
ing them to conclude that “sequestration of the AIP is likely to
be the only mechanism by which the host innate immune
response limits agr expression at the transcriptional level.”
Although this finding provides compelling evidence that AIP
sequestration may be the dominant inhibitory mechanism,
including the fact that oxidation can inactivate AgrA and AIP
and that the activities of other regulatory proteins that bind to
the P2-P3 promoter region are also sensitive to oxidation (see
below), it is probably incorrect to conclude that AIP sequestra-
tion is the only innate immunity mechanism for quorum-sens-
ing inhibition. In this regard, it is interesting to note that a study
investigating the impact of serum on agr expression that failed
to find reduced agr transcription (and, as discussed below, actu-
ally found that serum increased agr expression) (39) differed
from the aforementioned studies (28, 29) in that the serum was
inactivated by heating at 56 °C for 30 min before it was added to
S. aureus cultures. Given that biochemical investigation of
ApoB thermal unfolding found that ApoB undergoes tempera-
ture-induced structural transitions near 56 °C (40), the possi-
bility is raised that Oogai et al. (39) failed to detect reduced agr
expression because the ApoB in heat-inactivated serum could
no longer bind AIP.

Impact of Oxygen and ROS through Non-agr Regulators

Oxygen availability and ROS generated by innate immunity
cells can modulate transcription from the agr P2 and P3 pro-
moters by altering the ability of non-agr regulatory proteins to
bind this promoter region. Redox modulation of agr expression
is achieved through the combined action of the AirSR (41) and
SrrAB (42, 43) two-component systems, both of which reduce
agr expression under conditions of low oxygen availability. In
the case of AirSR, prolonged exposure to oxygen or oxidative
stress destroys the [2Fe-2S] cluster in AirS that is essential for
its kinase activity, which in turn alters the phosphorylation, and
thus DNA binding activity, of AirR. In the case of SrrAB, the
activity of SrrB is sensitive to redox regulation, but the exact
mechanism by which kinase activity is modulated is not known.
Additional redox regulation of agr expression may be achieved
through the collective action of proteins in the SarA protein
family of regulators (44 – 49). All the members of the SarA fam-
ily share a winged helix structure and possess DNA binding
activity (48). Several of the SarA family proteins, SarA, SarR,

and SarX, have been shown to bind to the agr P2-P3 promoter
region where they either inhibit transcription (SarR and SarX)
by competing with AgrA or enhance transcription (SarA) by
altering the structure of the agr P2-P3 promoter region. Other
members of the family (SarZ and MgrA) either promote or
inhibit agr expression by modulating the expression of the SarA
family regulators that bind to the promoter region. Collectively,
the SarA family of proteins constitutes a complex intercon-
nected regulatory network, the details of which are yet to be
fully worked out. Importantly, all the members of the family
contain a conserved cysteine that is susceptible to both oxida-
tion and nitrosylation that alters DNA binding activity (50, 51).
Thus, the SarA family of proteins provides an additional mech-
anism by which oxidative or nitrosyl stress, originating either
from an innate immune response or from nutritional metabolic
conditions, can modulate agr expression. It has further been
suggested that this cysteine can be phosphorylated, by kinase
Stk1, and that this may represent a mechanism by which cell
wall-targeting antibiotics may modulate agr expression (50),
because the kinase activity of Stk1 is inhibited by these
antibiotics.

Impact of Nutrients through Non-agr Regulators

Nutrient and growth phase regulation of agr expression
appears to occur primarily through the pleotropic CodY repres-
sor (52–58). CodY provides a mechanism for Gram-positive
bacteria to adapt to conditions of starvation (54). Under condi-
tions of good nutrient availability, branched chain amino acids
and GTP are bound by CodY, which promotes binding of CodY
to DNA, where it inhibits transcription by competing with RNA
polymerase or preventing transcriptional elongation. When
nutrients are depleted, branched chain amino acids and GTP
are not available for binding to CodY, and in turn, CodY no
longer binds DNA and repression of transcription is relieved
(54). In the case of the agr locus, deletion of CodY has been
shown to result in enhanced transcription (58, 59), and overex-
pression of CodY has been shown to result in decreased expres-
sion, as would be expected from a CodY-regulated locus. Con-
sistent with these findings, a CodY binding sequence was
identified within the agr P2-P3 promoter region (55). Taken
together, CodY is likely important for growth phase regulation
of agr expression.

Impact of Miscellaneous Factors by Unknown Mechanisms

There are a number of environmental factors whose pres-
ence reduces transcription of the agr locus through unknown or
not well understood mechanisms. Among these factors are iron
(39), hemoglobin (60, 61), and glucose (62– 65). In the afore-
mentioned study that failed to detect repression of agr in the
presence of serum (39), the addition of heat-inactivated serum
actually resulted in increased agr transcription. Interestingly,
inclusion of FeCl3 in the medium eliminated the increase in
transcription, suggesting that (in the absence of AIP sequestra-
tion by serum lipoproteins) the normally low iron concentra-
tion of serum may actually be permissive toward agr transcrip-
tion and that the addition of iron somehow suppresses agr
transcription. If this inference is true, the mechanism by which
iron would inhibit agr transcription is unknown. In the case of
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hemoglobin (60, 61), it was found that the addition of hemoglo-
bin, globin chains, or even peptides derived from globin chains
could reduce agr transcription. The underlying mechanism by
which globin-derived peptides inhibit agr expression is
unknown. In the case of glucose, it has long been known that the
addition of glucose suppresses agr transcription (62), but inter-
estingly, inhibition was not relieved (63) by deletion of catabo-
lite control protein A (CcpA), which is consistent with the lack
of a catabolite-responsive element at the agr locus. It appears
that the decrease in pH that is associated with the catabolism of
glucose may be responsible for glucose-associated inhibition,
because inhibition could be reduced by buffering the growth
media or by growing the bacteria in a fermenter in which pH
and glucose concentration could be held constant (62). More-
over, it was found that lowering the pH of the growth media in
the absence of glucose could mimic the inhibition observed in
the presence of glucose (65). Exactly how reduced pH inhibits
agr transcription remains unclear. Perhaps even more mysteri-
ous was the finding that there was no transcription of agr in the
ccpA knock-out mutant (63), implying the possible existence of
an agr transcriptional repressor whose own expression is
repressed by CcpA. Whether such a repressor, if it exists, is
among the known repressors of agr transcription, or is a novel
protein, is unknown. Given that serum contains thousands of
proteins (66) and small molecule metabolites (67) that can
interact with S. aureus, it seems highly likely that other factors
capable of modulating agr expression will be found.

Quorum Sensing and Biofilm Interconnections

The interconnection between the agr quorum-sensing sys-
tem and staphylococcal biofilm development has been a focal
point of many studies. Through in vitro studies, there was some
early surprise in the field that inactivation of the agr system
either had little impact (68), or in fact enhanced adherence and
biofilm development in S. aureus and S. epidermidis (69, 70).
The prevailing view in the broader bacterial biofilm field is that
quorum sensing is required to build a biofilm (71), making these
observations somewhat of an anomaly. These early staphylo-
coccal studies were followed by a time course analysis by Yar-
wood et al. (72) that demonstrated that pockets of an S. aureus
biofilm would activate the agr system, and these regions of acti-
vated cells would leave the biofilm to seed a new site. When the
level of the AIP signal was controlled, the entire biofilm could
be dispersed and resensitized to antibiotics (64). This mecha-
nism was conserved across strains and even functions in the
emerging S. aureus USA300 isolates (64, 73). Similar observa-
tions of quorum-sensing control over dispersal of biofilm cells
was also demonstrated in S. epidermidis (74), indicating that
this is a conserved mechanism across the staphylococci.

Unraveling the agr-mediated biofilm dispersal mechanism
has drawn considerable attention (75, 76). The agr regulatory
system controls a myriad of secreted toxins and enzymes, and
identifying the exact agents responsible for dispersal has repre-
sented a challenge. Early studies suggested that surfactant
properties of �-toxin could be responsible (69), considering that
many bacterially produced surfactants have known anti-biofilm
effects (77). As it became evident that �-toxin was part of a
larger family of PSM peptides (78), further studies demon-

strated that multiple PSMs are important in modulating
S. aureus biofilm structure (79). These studies were extended in
S. epidermidis to demonstrate that the agr system and PSMs are
necessary to disperse from a biofilm and spread to new sites
during infection (74). In contrast, other studies have pointed to
the secreted proteases as being important mediators of the bio-
film inhibitory properties of quorum sensing (64). This obser-
vation stems from the fact that most clinical isolates of S. aureus
make biofilms that are protease-labile (45, 64, 73, 80), and
S. aureus secretes many extracellular proteases that are known
to self-cleave surface adhesins (81, 82). Biochemical and genetic
studies have narrowed the proteases responsible to the staph-
opains (83), which are two cysteine proteases secreted by
S. aureus. However, the target(s) of these enzymes have not yet
been identified, although it seems likely to be one of the many
surface proteins that have been linked to biofilm formation
(84). Taken together, it is known that both the PSMs and
secreted proteases are tightly regulated by the agr system (16,
18), and thus it seems probable that coordinated effort of these
factors is responsible for quorum sensing-mediated biofilm
dispersal.

Challenges in the Field and Future Perspectives

Staphylococcal quorum-sensing responses and the intercon-
nections with biofilm development have drawn considerable
interest from scientists and likely will continue to do so going
forward, given that these two social behaviors are almost uni-
versally linked among bacteria (71). Although extensive knowl-
edge regarding the dynamics of quorum sensing during in vitro
culture has been gained, how quorum sensing functions during
the natural commensal state of staphylococci remains almost
completely unknown. Considering that the predominant state
of these bacteria is not as a pathogen, it seems likely that the agr
system may have a role in colonization. Consistent with this
possibility, the agr system was recently found necessary for
effective colonization of the skin by S. epidermidis (20). In the
case of S. aureus, how quorum-sensing kinetics are controlled
in ways that best suit the commensal lifestyle is unclear, and
gaining insight into this dynamic may be particularly challeng-
ing given the profusion of inflammatory and tissue-damaging
secreted virulence factors made by this pathogen. Although
colonization studies (7, 85) demonstrate that agr is repressed in
this state, and as outlined above, many studies indicate that
numerous host factors (e.g. serum components, ROS, low pH)
are capable of repressing agr function, the reference state for
these studies was growth under idealized laboratory culture
conditions. Therefore the possibility remains that the reduced
level of agr function within the host is adequate for the needs of
the S. aureus cells during colonization. Although this possibil-
ity has not been examined during colonization, it has been
addressed in various infection studies, and indeed, time course
imaging studies have demonstrated that agr does activate in
waves above baseline within an abscess (86). Also, following
neutrophil influx to an infection, the first responders to
S. aureus, the neutrophils, phagocytose the invading pathogen,
and the agr system activates within the confined space of the
phagosome (35, 36). Adding another layer of complexity,
S. aureus can form intricate interactions with host proteins
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such as fibrinogen and agglutinate as an immune evasion strat-
egy (87, 88), and hyperactivation of the agr system has been
observed within these clumps (89), potentially due to the
increased local concentration of the AIP signal. Thus, there is a
tremendous amount of varying information concerning host
impact on quorum-sensing function and staphylococcal life-
style, and the context and questions being asked are important
to understanding of this complex behavior.

Deciphering the role of quorum sensing during chronic bio-
film infections is also complicated by seemingly contradictory
observations between infection models and in vitro biofilm
experiments. In osteomyelitis, agr mutants display a decreased
ability to establish infection (90), and similar observations were
made with agr mutants using a model of infective endocarditis
(91). Time course imaging studies within an endocarditis veg-
etation show that the agr system does indeed activate during
the infection (92). Taken together, these animal studies suggest
that agr function is necessary for developing a chronic biofilm
infection. These findings seem in direct contrast to the in vitro
biofilm studies (outlined above) that demonstrate that biofilms
only form on abiotic materials when agr is inhibited, or disperse
when agr is activated. However, all of these in vitro biofilm
studies were done in the absence of host defenses, and many of
the critical toxins, superantigens, and exo-enzymes needed to
subvert these defenses are in fact regulated by the agr system
(10). Thus, there are conflicting forces at work within a biofilm
infection, with agr-regulated secreted virulence factors being
necessary for staphylococcal survival in the host, while some of
these same factors can inhibit biofilm structure. Going forward,
the function and dynamics of quorum sensing during a biofilm
infection are in clear need of further investigation, and the pre-
liminary observations suggest that the paradigms from in vitro
studies may not hold once in the host. Future progress in under-
standing the role of agr quorum sensing in chronic biofilm
infection models and colonization studies will benefit from
improved methodologies for quantifying agr quorum-sensing
kinetics in vivo (86, 93).

How does all of this knowledge help develop therapies for
treating staphylococcal infections? With the rising resistance
levels in S. aureus, there is a pressing need for innovative
approaches to treat this pathogen to maintain antibiotic stew-
ardship (94). The agr system represents a compelling target for
therapeutic development based on its critical nature during
infection (25–27), but complexities in the literature and the
early biofilm studies have led some to question this approach
(95). However, it is increasingly clear that in most types of infec-
tions, acute or chronic, the presence of a functional agr system
is important and that agr activity during infection can be
detected. It seems possible that the ability of S. aureus to agglu-
tinate with fibrinogen and other host components can protect
agr signaling and maintain a functional quorum-sensing system
during infection (87– 89), suggesting that the system evolved to
stay active in the host, likely to help staphylococci fight the
immune system. The anomaly to this condition is the presence
of a foreign body where staphylococcal biofilms can form and
the presence of agr-negative strains is frequent (70), implying
that quorum-sensing inhibition could actually enhance the bio-
film infection (95). Whether this is always true remains to be

determined, but it is well known that clearance of a foreign body
infection requires a more involved treatment approach than
other types of infections (96, 97). Considering that the majority
of S. aureus infections are treatable skin infections, and not on
implanted materials, it seems prudent to continue developing
alternative strategies to prevent or clear these infections and
preserve the most critical antibiotics for life-threatening ail-
ments (94).

Tremendous progress in our understanding of staphylococ-
cal quorum sensing and biofilm development has been made
in recent years, but important questions remain. Going for-
ward, studies will need to address how quorum sensing func-
tions in the colonization state and during chronic infections,
and the development of improved real-time animal imaging
approaches may be necessary to advance the field. How other
commensal flora impact staphylococcal quorum sensing and
biofilm development has also received little attention, expect
for some initial examples (98), despite the tremendous interest
in microbiome studies (99). More careful analysis of the con-
tribution of host components to these various mechanisms
will also be critical. Addressing these shortcomings in the
field, as well as limiting the current biases from in vitro stud-
ies, will be important in future studies to take the field fur-
ther and to use this information for improving treatment
options for antibiotic-resistant staphylococcal infections.
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Microbial biofilms demonstrate a decreased susceptibility to
antimicrobial agents. Various mechanisms have been proposed
to be involved in this recalcitrance. We focus on two of these
factors. Firstly, the ability of sessile cells to actively mediate
efflux of antimicrobial compounds has a profound impact on
resistance and tolerance, and several studies point to the exist-
ence of biofilm-specific efflux systems. Secondly, biofilm-spe-
cific stress responses have a marked influence on cellular phys-
iology, and contribute to the occurrence of persister cells. We
provide an overview of the data that demonstrate that both pro-
cesses are important for survival following exposure to antimi-
crobial agents.

Microbial biofilms are surface-attached communities, con-
sisting of cells embedded in an extracellular polymeric matrix
that is at least partially composed of polymers produced by the
microorganism themselves (1). Biofilms are omnipresent in
natural and man-made environments (1, 2), and biofilm-asso-
ciated bacteria are involved in a wide range of infections,
including respiratory tract infections in cystic fibrosis (CF)2

patients, chronically infected wounds, and device-related infec-
tions (3, 4). One of the hallmarks of these biofilm-associated
infections is the frequent failure of antimicrobial chemother-
apy. Although it is often postulated that sessile cells are more
resistant to antimicrobial agents, these cells typically do not
grow better than planktonic cells in the presence of antibiotics;
for example, biofilm-associated and stationary-phase plank-
tonic Burkholderia cepacia complex bacteria showed similar
susceptibilities to antibiotics (5). However, it is much more dif-
ficult to kill biofilm-associated cells than planktonic cells (6),
and various mechanisms that potentially could be involved in
this have been described in the literature (see Refs. 7 and 8 for

recent reviews as well as Refs. 9 and 10 in this minireview
series). Avoiding exposure to (sufficiently high concentrations
of) antibiotics, and the presence of a small population of spe-
cialized survivor cells that are tolerant toward particular anti-
microbial agents (i.e. they are not killed upon exposure to the
product) are two important mechanisms that will be discussed
in this review.

The Role of Efflux in Biofilm Resistance

Bacteria use specialized membrane-associated proteins to
expel a wide range of compounds from the cytoplasm (11).
Combined with reduced influx of these compounds and/or
enzymatic degradation, efflux pumps are responsible for keep-
ing the cytoplasmic concentrations of certain antimicrobial
compounds below a critical threshold (11, 12). Bacterial efflux
pumps can be divided into several superfamilies, with members
of the RND family being the most studied when it comes to
their involvement in bacterial biofilm resistance and/or biofilm
formation. They are composed of an inner membrane protein, a
periplasmic membrane fusion protein, and an outer membrane
protein (13, 14). This complex spans the Gram-negative cell
envelope and allows the efficient translocation of a wide range
of molecules (supplemental Fig. S1).

Enterobacteriaceae: Escherichia coli, Klebsiella pneumoniae,
and Salmonella

In biofilms formed by two E. coli strains, a considerable frac-
tion of genes up-regulated in biofilms as compared with plank-
tonic cells was shown to be involved in efflux and transport (128
out of 600 up-regulated genes) (15). It was claimed that this
up-regulation was a direct consequence of the “waste manage-
ment problem” occurring in the “cramped conditions” encoun-
tered in the biofilm. When cells of various E. coli strains and a
strain of K. pneumoniae were exposed to the efflux inhibitors
thioridazine, phenyl-arginine-�-naphthylamide (PA�N), or
1-(1-naphthylmethyl)-piperazine (NMP), biofilm formation
was significantly repressed, suggesting that functional efflux
systems are required for full biofilm formation. In addition,
these efflux pump inhibitors increased the activity of tetracy-
cline against biofilms (15). In enteroaggregative E. coli, the
TolC efflux pump is required for adherence to HEp-2 cells and
biofilm formation, probably because it plays an important role
in secreting a yet unidentified factor (16).

Salmonella enterica serovar Typhimurium mutants lacking
any of the known efflux systems also showed a marked reduc-
tion in biofilm formation (17). It was observed that in these
mutants, the expression of several curli genes was down-regu-
lated, and these mutants effectively failed to produce curli. As
curli fimbriae are an important component of the Salmonella
biofilm matrix, and have previously been shown to be involved
in adhesion, cell aggregation, and biofilm formation (18), this
presents a functional connection between efflux and biofilm
formation. Also, in this study, the anti-biofilm effects of inacti-
vating particular efflux systems could be mimicked by adding
efflux pump inhibitors, including PA�N, carbonyl cyanide
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m-chlorophenylhydrazone (CCCP), and chlorpromazine. In a
subsequent study, the same authors focused on the S. enterica
serovar Typhimurium AcrAB-TolC system and showed that
AcrA and TolC are involved in biofilm formation, whereas
AcrB is not, and in both the acrA and the tolC mutant, the
expression of structural curli genes and regulatory genes
involved in curli biosynthesis was significantly down-regulated
as compared with the wild type strain (19).

Pseudomonas aeruginosa

The genome of the gamma-proteobacterium P. aeruginosa
contains at least 12 RND pump-encoding operons (20, 21).
Although initial studies on the mexAB-oprM, mexCD-oprJ,
mexEF-oprN, and mexXY efflux systems in P. aeruginosa did
not point to a major role in biofilm resistance, expression of
these efflux systems in biofilms was found to be heterogeneous,
with cells closest to the substrate showing the highest expres-
sion levels (22). This should not come as a surprise, as it is
currently well established that different populations can be
found in microbial biofilms, and these subpopulations of sessile
cells are exposed to different chemical and physical environ-
ments, and hence show differences in physiology (for reviews
on this topic, see Refs. 23 and 24). Subsequent investigations
revealed that mexAB-oprM and mexCD-oprJ are essential for
P. aeruginosa biofilm formation in the presence of azithromy-
cin, as a mutant in which both systems were knocked out was
not capable of forming biofilms in the presence of this mac-
rolide (25). Remarkable in this regard is that mexC was only
expressed in azithromycin-exposed sessile cells, whereas mexA
expression was observed in both exposed and unexposed plank-
tonic and sessile cells, suggesting that the P. aeruginosa
MexCD-OprJ pump is a biofilm-specific defense mechanism
against azithromycin (25). Similarly, it was suggested that the
P. aeruginosa MexAB-OprM pump provides a biofilm-specific
defense mechanism against colistin (26). These initial studies
targeting known RND-type efflux pumps already pointed to a
role for efflux in biofilm resistance, and this was further con-
firmed in a large-scale screening study in which �4000
P. aeruginosa transposon mutants were investigated (27). In
this study, the PA1874 –1877 operon was identified as a novel
efflux system potentially involved in biofilm-specific resistance
to antibiotics: the expression of PA1874 was found to be 10-fold
higher in sessile than in planktonic cells, deletion of the operon
only affected susceptibility to tobramycin in biofilms, and over-
expression of the operon decreased the susceptibility toward
selected aminoglycosides and fluoroquinolones in planktonic
cells (27). In addition, in Pseudomonas fluorescens, expression
of two efflux systems was up-regulated in glutaraldehyde-
treated biofilms, and efflux pump inhibitors increased sensitiv-
ity of P. aeruginosa and P. fluorescens biofilms to this disinfect-
ant, confirming that not only antibiotic resistance is mediated
by efflux (28). Finally, it was observed that planktonic P. aerugi-
nosa cells grown under hypoxic conditions showed an in-
creased expression of MexEF-OprN (29). Although biofilm
cells were not investigated in this particular study, the authors
speculate that the hypoxia encountered by P. aeruginosa bio-
films in the lungs of CF patients could contribute to their anti-
biotic resistance.

So far, little is known about the regulation of efflux pump
expression in biofilms. However, the work of Karin Sauer and
co-workers on the P. aeruginosa biofilm-specific MerR-type
transcriptional regulator BrlR points to a possible molecular
link between efflux pump expression and the biofilm pheno-
type. BrlR is a transcription factor that responds to changes in
the concentration of the secondary messenger c-di-GMP (see
Ref. 30 for a recent review as well as Ref. 31 in this minireview
series) and regulates the expression of several genes involved in
biofilm tolerance, including ndvB (32, 33). Sauer and co-work-
ers (34) also demonstrated that brlR is required for maximal
expression of the MexAB-OprM and MexEF-OprN efflux
pumps in P. aeruginosa biofilms, and demonstrated a direct
regulation of these pumps by BrlR, with BrlR binding to the
promotor regions of the mexAB-oprM and mexEF-oprN
operons.

In contrast to the work cited above, in two studies carried out
by Stewart and co-workers (35, 36), no evidence was found for a
role of efflux pumps in tolerance of P. aeruginosa biofilms.
These at first sight contradictory findings suggest that the role
of efflux systems in protecting sessile cells against antibiotics
may depend on the global biofilm physiology (and thus on the
experimental conditions) and/or may point to the presence of
specific subpopulations in biofilms that benefit from these
efflux pumps, whereas others do not. In addition, the regulatory
mechanisms linking efflux with the biofilm-phenotype may be
strain- and condition-dependent.

Most of the above mentioned studies used antibiotic-ex-
posed P. aeruginosa mutant strains to confirm the role of efflux
systems in biofilm tolerance, but the role of these systems in
P. aeruginosa biofilm formation as such (in the absence of anti-
biotics) has not been investigated in great detail. However,
using efflux pump inhibitors, including carbonyl cyanide
m-chlorophenylhydrazone, chlorpromazine, and PA�N, it was
shown that in static as well as in flow conditions, efflux pump
inhibitors decreased biofilm formation, leading to the sugges-
tion that efflux pump inhibitors could be used as anti-biofilm
agents (19).

Burkholderia cenocepacia

The genome of another CF pathogen, B. cenocepacia, con-
tains genes coding for 22 RND efflux systems (37– 40), and high
levels of expression of these efflux pumps are frequently
observed in B. cepacia complex clinical isolates (41). Exposure
of B. cenocepacia biofilms to the disinfectant chlorhexidine
results in the up-regulation of eight RND family efflux pumps
(42). Using mutants in which single RND efflux pumps were
inactivated, it was shown that for some mutants (e.g. the
�RND-9 mutant), biofilms were less tolerant than wild type
biofilms (whereas planktonic susceptibility remaining unal-
tered). However, in other mutants (e.g. the �RND-4 mutant),
planktonic cells were more susceptible, whereas the suscepti-
bility of sessile cells remained unchanged, confirming that at
least some of the RND efflux pumps in this organism are life-
style-specific (42).

Expanding on this work, the role of 16 B. cenocepacia efflux
systems in resistance to various antibiotics, including tobramy-
cin and ciprofloxacin, was subsequently investigated (43). By
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measuring susceptibility in planktonic and sessile cultures, it
was demonstrated that the RND-3 and RND-4 efflux pumps are
important for resistance to various antimicrobial drugs (includ-
ing tobramycin and ciprofloxacin) in planktonic B. cenocepacia
populations, whereas the RND-3, RND-8, and RND-9 efflux
pumps are important for protecting sessile cells against tobramy-
cin, again pointing toward the existence of life style-specific RND-
type efflux pumps. Interestingly, in the wild type strain, little reg-
ulation of expression of these efflux pumps at the mRNA level was
observed using RT-quantitative PCR, suggesting that the regula-
tion occurs mainly at the posttranscriptional level and/or at the
level of activation of particular efflux systems (43).

Physiological Adaptation in Microbial Biofilms Leads to
Reduced Activity of Antimicrobial Agents: Dormancy
and the Persister Phenomenon

Bacterial populations are known to contain a subpopulation
of cells tolerant to antimicrobial treatment (6). These so-called
persister cells are present in both sessile and planktonic cul-
tures, but are especially problematic in a biofilm environment,
where they are shielded from the immune system (44, 45). Per-
sisters are not mutants, but phenotypic variants of the wild type
that upon re-inoculation produce a culture that again contains
both persister and non-persister bacteria like the original pop-

ulation (44). Unlike antibiotic-resistant bacteria, they do not
grow in the presence of bactericidal agents, but resume growth
after the antibiotics have been removed (46). Because antibiot-
ics kill cells by corrupting specific targets, dormant persisters,
in which the antibiotic targets are inactive, escape killing (46).
Non-growing or slowly growing bacteria are generally less sen-
sitive to antibiotics, a phenomenon called “drug indifference”
(45). However, persistence and drug indifference are different
phenomena: the latter reflects the overall reduced sensitivity of
dormant/slow-growing microbial populations without a spe-
cific mechanistic basis (e.g. stationary phase bacterial cultures
surviving treatment with �-lactams), whereas persistence gives
rise to a subpopulation with a different phenotype (45). The
mechanisms leading to persistence are still largely unknown.
Screening knock-out libraries has not led to the identification
of mutants completely lacking the ability to form persisters,
indicating that the mechanisms involved are redundant (46).
However, various studies have identified putative persister
genes (47, 48), and a general picture starts to emerge in which
multiple (often connected) mechanisms play a role (Fig. 1).
Below we will discuss the role of stress responses and metabo-
lism, and focus on the similarities and differences between bio-
films and planktonic cultures.

FIGURE 1. Schematic overview of physiological adaptations in biofilm tolerance.
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Oxidative Stress Response

Because bactericidal antibiotics are known to induce oxida-
tive stress (49), lowering cellular hydroxyl radical levels by
decreasing their production or by increased detoxification
could counteract bactericidal activity. Shatalin et al. (50)
showed in both biofilms and stationary phase cultures of vari-
ous bacteria that H2S induced tolerance by reducing oxidative
stress, through sequestration of ferrous iron and stimulation of
catalases and superoxide dismutases. Similarly, it was observed
that the active lowering of cellular hydroxyl levels played a role
in planktonic and sessile P. aeruginosa persistence during star-
vation (51). Activation of the stringent response increased cat-
alase and superoxide dismutase levels and repressed the pro-
duction of hydroxy-alkylquinolines, intercellular signaling
molecules with pro-oxidant properties (51). Data obtained for
tobramycin-treated B. cenocepacia biofilms confirmed that
avoiding exposure to antibiotic-induced reactive oxygen spe-
cies (ROS) is a key factor in survival of persisters in these bio-
films (52). Several genes encoding proteins involved in the gen-
eration of ROS, including a ferredoxin reductase (involved in
recycling Fe3� to Fe2� and thus driving the Fenton reaction),
were found to be down-regulated in persisters, whereas genes
encoding proteins involved in ROS detoxification were up-reg-
ulated. These results suggest that persisters are to some extent
protected against the detrimental effects of ROS produced
upon antibiotic treatment.

The Stringent Response

Several studies have specified a role for guanosine tetra- or
pentaphosphate, (p)ppGpp (known as the “alarmone”), the cen-
tral mediator of the stringent response, in persistence (53–56).
The relA-spoT gene pair, involved in the synthesis of (p)ppGpp,
was linked to persistence in various studies (57–59). For exam-
ple, reduced levels of persisters were reported in P. aeruginosa
biofilms deficient in (p)ppGpp synthesis (36). Gerdes et al. (53)
proposed a model in which (p)ppGpp induces persistence by
activating toxin antitoxin (TA) modules via polyphosphate and
Lon proteases. It was previously demonstrated that deletion of
lon dramatically reduces persistence, whereas a moderate over-
production stimulates persistence by degrading antitoxins and
hereby activating their cognate toxins (60). A link between
(p)ppGpp and the transcriptional activation of the toxin HokB
by Obg, a universally conserved GTPase, was recently identified
(61). Obg was shown to control persistence, in both planktonic
cultures and P. aeruginosa biofilms, by inducing the expression
of HokB, whereas elevated levels of HokB resulted in membrane
depolarization and dormancy.

TA Modules

TA modules are thought to be a major player in the induction
of persistence (53) (for a review on TA modules, see Ref. 62).
Type II TA modules usually consist of two proteins: a toxin that
can inhibit an important cellular function and an antitoxin that
can form a complex with the toxin and hence inactivates it (63)
(Fig. 2) (for a schematic overview of the different types of TA
modules, see supplemental Fig. S2). The antitoxin is typically
proteolytically degraded during stress, and as a result, the free
toxin can impede cellular processes such as DNA replication,

translation, ATP, or cell wall synthesis (53, 64). TA modules,
although initially thought to be involved only in cell death, have
been shown to play a role in various essential cellular processes,
including biofilm formation and persistence (53). Because bac-
tericidal antibiotics kill cells by corrupting cellular functions,
which are inhibited by toxins, the role of TA modules in persis-
tence has been documented in various studies (53). Toxin inhi-
bition of cell wall synthesis, translation, or replication would
prevent antibiotics from killing and give rise to persister cells.
HipAB was the first TA module linked to persistence (65), and
many key insights on persistence were obtained while studying
this particular module. Rotem et al. (66) noticed that persis-
tence occurred once the toxin HipA reached a certain threshold
level and that the amount by which the threshold was exceeded
determined the duration of dormancy. Since the identification
of HipAB, various studies have reported an up-regulation of TA
modules in persister cells (65, 67). For example, transcriptome
analysis of dormant E. coli cells identified mqsR as the most
highly induced gene in persister cells as compared with non-
persisters (67). In B. cenocepacia, several toxins were found to
be up-regulated in biofilms as compared with planktonic cells,
and overexpression of these toxins contributed to persistence
in biofilms after treatment with tobramycin or ciprofloxacin
(68). Although overproduction of almost any toxin may
increase persistence, only two TA pairs have been shown to
decrease persistence upon deletion (69, 70). Deletion of mqsRA
significantly reduced persistence in E. coli biofilms (69),
whereas deletion of tisAB/istr1 led to a decrease in survival in
planktonic cultures (70). Simultaneous deletion of multiple
other TA systems also decreased the number of persisters in
E. coli (60). The latter confirms the role of TA modules in per-
sistence, but again suggests redundancy.

Additionally, recent studies have indicated a role for TA sys-
tems in the switch from the planktonic to the sessile lifestyle.
MqsRA was the first TA module linked to biofilm formation: in
a transcriptome study comparing sessile and planktonic cells,
mqsR was found to be induced in biofilms (71), and biofilm
formation in E. coli was found to be mediated by MqsRA (72). In
support of these observations, the antitoxin MqsA was more
recently found to repress rpoS, thereby reducing the c-di-GMP
concentration, which leads to increased motility and decreased
biofilm formation (69). Degradation of MqsA by Lon proteases
in turn resulted in rpoS induction and a switch from the plank-

FIGURE 2. Schematic overview of type II TA modules.
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tonic to the biofilm state. A model was proposed in which there
is a spectrum of MqsR activities, and depending on the activity
of MqsR, a cell would respond to stress by biofilm formation
and the production of proteins to withstand stress, or alterna-
tively, become dormant (69). In this regard, persister cell for-
mation can be seen as an extreme example of the general stress
response mediated by MqsR. Further evidence for the involve-
ment of TA modules in E. coli biofilm formation was obtained
by studying �5, a strain in which five different TA modules were
deleted. Deletion of these systems reduced biofilm formation
after 8 h but increased biofilm formation after 24 h (73). Tran-
scriptome profiling revealed that deletion of these TA modules
induced the expression of an uncharacterized gene, yjgK, which
repressed fimbriae at 8 h (73). Although this repression of fim-
briae may explain the decrease in biofilm formation at 8 h, a
reduction in biofilm dispersal may explain the increase in bio-
film formation at 24 h.

The SOS Response

The SOS response is triggered by DNA damage (74). This
damage is recognized by RecA, which causes self-cleavage of
the LexA repressor, hereby activating SOS genes (74). Based on
transcriptome analyses and screening of mutant libraries, lexA
and recA were found to be involved in E. coli persistence (58,
65). In line with this observation, deletion of the tisAB/istr1 TA
module, which contains a Lex box, dramatically reduced the
number of surviving persisters in exponentially growing cul-
tures of E. coli treated with fluoroquinolones, but not after
treatment with antibiotics that do not cause DNA damage (70).
Moreover, a functional RecA protein was needed for persis-
tence, confirming dependence on the SOS pathway. The induc-
tion of persisters by the SOS-induced TisB toxin links two sur-
vival strategies, i.e. active repair on the one hand and shutdown
of cellular metabolism on the other. This suggests that in the
presence of DNA-damaging agents, the optimal strategy is to
induce repair and at the same time increase the number of
dormant cells that will survive when repair would fail (46).
Interestingly, although inactivation of genes involved in the
SOS response also increased susceptibility to fluoroquinolones
in stationary phase cultures, TisB was not found to be involved,
suggesting that persisters form through other mechanisms in
non-growing cultures (70). Tolerance to ofloxacin significantly
increased in E. coli biofilms upon starvation, whereas starvation
did not have a significant effect on tolerance to ofloxacin in
planktonic cultures (75). Similarly, tolerance was dependent on
the SOS response but independent of known SOS-induced TA
modules. Although starvation also induces the stringent
response, deletion of relA only partially increased sensitivity to
ofloxacin and only upon leucine starvation, suggesting that the
stringent response plays a minor role in tolerance to ofloxacin.

Metabolism

A regulator of phosphate metabolism, phoU, was identified
as a persister gene as its deletion reduced persistence in plank-
tonic cultures of E. coli and inactivation of phoU was shown to
lead to a hyperactive metabolic state (76). However, mutations
in sucB or ubiF, leading to reduced ATP synthesis, also nega-
tively affected survival of persisters (77). SucB is a key enzyme of

the TCA cycle, whereas UbiF is involved in the biosynthesis of
ubiquinone, an acceptor of electrons in the respiratory electron
transport chain. These at first sight contradictory results illus-
trate the critical role regulation of metabolism may play in per-
sistence. Based on persistence assays and FACS sorting of E. coli
cells fluorescently labeled according to their metabolic activity,
Orman and Brynildsen (78) suggested that a low metabolic
activity prior to antibiotic exposure only increases the likeli-
hood of a cell to become a persister. Additionally, they observed
that inhibition of respiration decreased the number of persist-
ers surviving treatment with ampicillin (79). Inhibition of res-
piration during stationary phase may prevent digestion of
endogenous proteins and mRNA and thus allow translation and
replication to proceed and render bacteria susceptible to anti-
biotics. In B. cenocepacia biofilms, a metabolic shift bypassing
the TCA cycle was observed in persister cells (52). In cells sur-
viving treatment with tobramycin, genes encoding proteins
involved in the TCA cycle were down-regulated, and at the
same time, the glyoxylate shunt was activated, most likely to
sustain ATP production. Mok et al. (80) studied the metabolic
aspects of persisters in an E. coli strain in which the antitoxin
MazE and the toxin MazF were artificially and independently
induced. Upon accumulation of MazF, an endoribonuclease,
reversible stasis was achieved and populations were almost
entirely tolerant to fluoroquinolones and �-lactams. Although
these induced persisters were found to be non-replicative, they
maintained oxygen and glucose consumption. Further analysis
also indicated accumulation of all four ribonucleotide mono-
phosphates, confirming futile cycling in these persisters.
Energy derived from catabolism was used to continue tran-
scription, but at the same time, the transcripts were degraded
by MazF.

An obvious question is whether or not persister cells can be
considered as dormant, given the mechanisms involved. Based
on studies indicating the role of different stress responses in
persister cells, it was suggested that persistence is an actively
maintained state (81). However, according to Wood et al. (82),
most evidence points to a role for dormancy, toxin induction,
down-regulation of metabolic pathways, and shutdown of pro-
tein synthesis in persistence. Although both viewpoints seem
contradictory, they could be reconciled as active responses
to stress may play a role in inducing dormancy because most
stress responses lead to slowing down or inhibition of cell
growth (81, 82). Additionally, although shutdown of meta-
bolic processes may be involved in the entry into a dormant
antibiotic tolerant state, residual metabolic activity may be
required to maintain viability, and reactivation is necessary
to resume growth after removal of the antibiotics (for recent
reviews on targeting metabolism, see Refs. 83 and 84). For
example, in stationary phase cultures of E. coli, there is no
difference in DNA damage between persisters and non-per-
sisters (85). Moreover, neither the level of SOS machinery
before nor during treatment impacted the level of persisters,
but the cell’s ability to repair ofloxacin-induced DNA dam-
age during recovery when the antibiotic was removed was
critical to maintain persistence.
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Concluding Remarks

Many different mechanisms leading to biofilm resistance and
tolerance have been described, including efflux-mediated
removal of antimicrobial agents from the cytoplasm and the
occurrence of tolerant and persistent subpopulations of cells.
Although there is currently no evidence linking increased efflux
in bacterial populations with cell density, it is clear that at
least in some bacterial species particular efflux systems are
involved in biofilm formation and/or resistance. The currently
available evidence suggests that life style-specific efflux pumps (i.e.
efflux systems that are preferentially used in either planktonic or
sessile populations) exist, as well as general systems that are used
by bacteria to get rid of unwanted compounds irrespective of the
mode of growth. Little is known about the regulation of the expres-
sion of these efflux pumps and how that would be affected by
growth in a biofilm, although work with the regulator BrlR in
P. aeruginosa points to a role for c-di-GMP.

Persister cells have been described in all bacteria examined so
far, and persisters present in biofilms are thought to be an
important reason for treatment failure. Persisters are generally
considered as dormant cells in which the antibiotic targets are
inactive. Recent research, however, suggest that persisters are
not necessarily inactive but rather have a different metabolism.
Several studies points to the importance of residual metabolic
activity to maintain viability and the ability to resuscitate after
removal of the antibiotics. Additionally, active responses to
stress are thought to induce persistence, and different stress
responses are likely involved depending on the conditions.
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Polyamines are primordial polycations found in most cells
and perform different functions in different organisms. Al-
though polyamines are mainly known for their essential roles in
cell growth and proliferation, their functions range from a crit-
ical role in cellular translation in eukaryotes and archaea, to
bacterial biofilm formation and specialized roles in natural
product biosynthesis. At first glance, the diversity of polyamine
structures in different organisms appears chaotic; however,
biosynthetic flexibility and evolutionary and ecological pro-
cesses largely explain this heterogeneity. In this review, I dis-
cuss the biosynthetic, evolutionary, and physiological processes
that constrain or expand polyamine structural and functional
diversity.

The common feature of diverse polyamines found in eu-
karyotes, bacteria, and archaea is that they are all derived from
amino acids and are positively charged at physiological pH.
Structurally, they are mostly linear and flexible aliphatic chains
containing two or more amine groups. They include the di-
amines 1,3-diaminopropane (Dap),2 1,4-diaminobutane (pu-
trescine, Put), and 1,5-diaminopentane (cadaverine, Cad), tri-
amines sym-norspermidine (Nspd), spermidine (Spd), and
sym-homospermidine (Hspd), the uncommon triamines
aminopropylcadaverine and aminobutylcadaverine, the tet-
raamines norspermine (Nspm), spermine (Spm), and thermo-
spermine (Tspm), and the uncommon tetraamine aminopropyl
homospermidine (Fig. 1), and a wide range of longer chain poly-
amines and branched polyamines. This review will cover the
distribution and biosynthesis of different polyamines in the

three domains of life and will discuss the mechanisms underly-
ing this biosynthetic diversity.

Polyamines in Eukaryotes

Eukaryotic Diversity

When considering the distribution of different polyamines in
eukaryotes, it is worth considering two major factors. Firstly,
the aminobutyl group of Spd is required for the hypusine post-
translational modification of translation factor eIF5A, which is
required for the translation of mRNAs encoding polyproline
tracts (1–6). The enzyme deoxyhypusine synthase (DHS) trans-
fers the aminobutyl group of Spd to eIF5A and is encoded in all
eukaryotic genomes, including some intracellular parasites that
have lost their polyamine biosynthetic pathway (7). Thus, the
aminobutyl group of Spd is very probably universally required
for eukaryotic life, although some single-celled eukaryotes
appear to have replaced Spd with Hspd, which has two ami-
nobutyl groups (7). The second factor to consider is the evolu-
tionary events that have driven eukaryotic diversification, and
that in large part underpin polyamine biosynthetic diversifica-
tion. Current consensus about eukaryotic diversity from a phy-
logenomic point of view is that there are five supergroups and
some unaligned groups (8). These are: the Opisthokonta, con-
taining animals (Metazoa), Fungi, Choanoflagellida, and
Microsporidia; the Amoebozoa, consisting of mostly single-
celled amoeboid species and slime molds; the Archaeplastida,
including plants, green and red algae, and also glaucocysto-
phytes; the Excavata, encompassing heterotrophic and para-
sitic single-celled species; and the newly designated and large
SAR group, assembled from stramenopiles, alveolates, and Rhi-
zaria (8). Other major groups that are outside the supergroups
include the cryptomonads and haptophytes.

A key evolutionary development in the diversification of
eukaryotes, which is of profound relevance to the diversifica-
tion of polyamine metabolism, was the assimilation of an endo-
symbiotic cyanobacterium in the heterotrophic ancestor of
Archaeplastida, which then became the chloroplast (a large lit-
erature reviewed in Ref. 9). Furthermore, heterotrophic single-
celled eukaryotes subsequently took up and assimilated red or
green algal cells in independent secondary endosymbioses (10),
and even tertiary endosymbioses in dinoflagellates (11). The
nuclear genomes of the original heterotrophic host cells that
have undergone these serial endosymbioses have acquired
genes of cyanobacterial origin.

The Core Polyamine Biosynthetic Pathway

What was the likely ancestral polyamine biosynthetic path-
way in the Last Eukaryotic Common Ancestor? As putrescine
and spermidine are the only polyamines produced in all
eukaryotes that synthesize polyamines, the ancestral pathway
was almost certainly the extant core eukaryotic polyamine bio-
synthetic pathway depicted in Fig. 2. Ornithine decarboxylase
(ODC) produces Put from ornithine (12), and Spd is formed by
spermidine synthase (SpdSyn) through the aminopropylation
of Put (13) using an aminopropyl group donated by decarboxy-
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lated S-adenosylmethionine (dcAdoMet). The dcAdoMet is
formed by the decarboxylation of AdoMet performed by S-ad-
enosylmethionine decarboxylase (AdoMetDC) (14, 15). ODC,
AdoMetDC, and SpdSyn are the universal pathway for spermi-
dine biosynthesis in eukaryotes, and the pathway has been char-
acterized in trypanosomes (16), Leishmania (17), Plasmodium
falciparum (18), and filamentous fungus Neurospora crassa (19,
20), among others. Thus, the core pathway producing the tri-
amine Spd has been characterized in the Excavata, SAR, and
Opisthokonta supergroups.

The ancestral pathway did not synthesize the tetraamine
Spm; however, Spm biosynthesis (Fig. 2) has evolved indepen-
dently in the recent common ancestor of metazoans (21), in
flowering plants (22), and in Saccharomycotina yeasts (23),
although Spm is not present in the rest of the fungi including
filamentous fungi (24). In the case of flowering plants and
yeasts, the aminopropyltransferase spermine synthase (Spm-

Syn) evolved independently in each case by duplication of the
gene encoding SpdSyn and subsequent change of substrate
specificity (25), whereas the metazoan SpmSyn appears to have
been acquired by horizontal gene transfer from a bacterial gene
encoding an AdoMetDC-SpdSyn fusion protein that evolved to
exhibit SpmSyn activity and lose AdoMetDC activity (21, 25).
The core eukaryotic polyamine biosynthetic pathway can be
seen to have diversified through biosynthetic extension in dif-
ferent phyla by evolution of a second aminopropylation step to
produce Spm.

Biosynthetic Diversification via Endosymbiotic and Horizontal
Gene Transfer

An additional and fundamental biosynthetic diversification
step occurred when the Archaeplastida (glaucocystophytes, red
and green algae, and plants) evolved from a heterotrophic sin-
gle-celled eukaryote through the assimilation of a cyanobacte-
rial endosymbiont that became the chloroplast. It has been
determined, by analysis of the genome of the flowering plant
Arabidopsis thaliana, that about 4,000 genes were transferred
from the chloroplast progenitor to the host nucleus, and some
2,000 proteins encoded by those genes are now relocalized to
the chloroplast (26). In the algal and plant lineage, an alterna-
tive Put biosynthetic pathway (Fig. 2) was acquired from the
chloroplast cyanobacterial progenitor, consisting of arginine
decarboxylase (ADC), which produces agmatine (Agm) from
arginine, agmatine iminohydrolase/deiminase (AIH), which
produces N-carbamoylputrescine from Agm, and N-carbam-
oylputrescine amidohydrolase (NCPAH), which produces Put
from N-carbamoylputrescine (27–30). In addition, the same
endosymbiotic source appears to have been the origin of the
aminopropyltransferase thermospermine synthase (TspmSyn)
(25, 31), which produces the tetraamine Tspm (Fig. 2), an iso-
mer of Spm, and because of the identical masses of spermine
and thermospermine, was originally misidentified as a SpmSyn
(32). Homologues encoding TspmSyn-like proteins are found
throughout the plant and algal lineage (25, 33) and also in mem-
bers of the SAR supergroup that have undergone secondary
endosymbiosis events (25), including some species that are no
longer photosynthetic, such as oomycetes. It is not known
whether the TspmSyn-like proteins produce Tspm in these
species.

An additional, and phylogenetically more limited, polyamine
biosynthetic diversity in eukaryotes is found mainly in plants.
Some plants decarboxylate lysine to form the diamine Cad (Fig.
1), destined for quinolizidine alkaloid biosynthesis (34). The
enzyme responsible for lysine decarboxylation in quinolizidine-
producing plants is an alanine racemase fold bifunctional
lysine/ornithine decarboxylase (L/ODC) that has coevolved
with alkaloid production in leguminous plants (35). This
bifunctional L/ODC has evolved independently in plants from
ODC, and has acquired a chloroplast-targeting sequence to
localize it in the plastid where lysine is produced (35). Plants
have also evolved an alternative homospermidine synthase
(DHS-like HSS) to produce Hspd (Fig. 1) used in pyrrolizidine
alkaloid biosynthesis (36, 37). This enzyme has evolved inde-
pendently several times in flowering plants through duplication
of the gene encoding DHS (38), and unlike the bacterial HSS,
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which is a completely different enzyme (Fig. 2), the plant
enzyme must use Spd as a co-substrate.

In some single-celled heterotrophs, including the ciliate
Paramecium tetraurelia (SAR supergroup), heterolobosean
amoeba Sawyeria marylandensis (Excavata), and slime mold
Physarum polycephalum (Amoebozoa), Hspd is produced
using a horizontally acquired bacterial HSS (7, 39, 40). The bac-
terially derived HSS is from an entirely different fold and evo-
lutionary origin from the DHS-like HSS (39). Many single-
celled parasites have lost their polyamine biosynthetic pathway,
usually those with an intracellular parasitic lifestyle, and even
multicellular schistosome worms have discarded polyamine
biosynthesis (7). These Spd-auxotrophic organisms must ac-
quire Spd from their host.

An enigmatic area of polyamine metabolism in eukaryotes is
the production of triamine Nspd and tetraamine Nspm (Fig. 1).
Both of these unusual polyamines have been detected in lower,
single-celled eukaryotes including dinoflagellates, crypto-
phytes, haptophytes, Euglena species, and diatoms (41, 42).
Nspd is also present in the green alga phylum Chlorophyta,
where it is prevalent in classes Trebouxiophyceae, Chlorophy-
ceae, including Chlamydomonas and Volvox, and Ulvophyceae
but absent in Prasinophyceae (43). Mosses and the flowering
plant alfalfa were also found to contain Nspd and Nspm (44,
45). Little is known about the biosynthesis of Nspd and Nspm in
eukaryotes, and there is no equivalent of the Nspd biosynthetic
pathway found in the �-proteobacterium Vibrio cholerae. It is
also noticeable that Dap, the precursor of Nspd in V. cholerae, is
rarely detected in eukaryotes. Intriguingly, production of Dap
from radiolabeled Spd was demonstrated in the leguminous

plant alfalfa (46), and it is known that plant polyamine oxi-
dases can produce Dap (Fig. 2) as a co-product of the oxida-
tion of Spd (47). However, the alfalfa aminopropyltransferase
did not recognize Dap as a substrate, although it was able to
produce Spd, Spm, and Tspm from Put (48). Production of
Nspd in eukaryotes therefore was a mystery until very recently,
when it was shown that a plant polyamine oxidase produces
Nspd as a catabolic product from Tspm (49). It is possible that
Nspm could be biosynthetically produced from the catabolic
product Nspd by standard aminopropylation; however, there is
no published evidence for this route of Nspm biosynthesis.
There is a correlation between the presence of homologues of
the A. thaliana acl5-encoded TspmSyn in genome sequences
(25) and the identification of Nspd in the corresponding
organisms.

An unusual group of polyamines is present in the biosilica
glass-containing diatoms. They contain species-specific long
chain polyamines (LCPAs), based on a single Put, Spd, or Dap
unit to which is added multiple repeating aminopropyl units,
which may or may not be N-methylated on each repeating unit
(50, 51). It is thought that the LCPAs participate in the conden-
sation of silicic acid to form silica through a phase separation
process that also involves proteins that are modified by a sepa-
rate class of LCPAs linked through a lysine residue (52, 53).
From genome analysis, it appears likely that the diatom LCPAs
are synthesized by a set of horizontally acquired bacterial
AdoMetDC-aminopropyltransferase fusion proteins occasion-
ally containing methyltransferase (SET) domains (54). LCPAs
that are similar but lack N-methylation are found in glass
sponges where they may also be involved in biosilica formation
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(55). LCPAs have been detected in the silicifying haptophyte
coccolithophore Prymnesium neolepis, consisting of multiple
N-methylated aminopropyl repeat units extending from the
�-amino group of lysine (56).

Eukaryotic Synopsis

In conclusion, the core eukaryotic polyamine biosynthetic
pathway consists of the production of Spd from ornithine, with
the aminobutyl group of Spd used for the essential hypusine
modification of translation factor eIF5A. The Last Eukaryotic
Common Ancestor very probably encoded the same core path-
way, consisting of an alanine racemase fold ODC, AdoMetDC,
and the aminopropyltransferase SpdSyn. Through endosymbi-
otic gene transfer, the cyanobacterial ancestor of the chloro-
plast contributed the ADC, AIH, and NCPAH pathway from
arginine to Put, found now mainly in terrestrial plants, and also
TspmSyn, found in the Archaeplastida and species that have
undergone secondary and tertiary endosymbiotic acquisition of
a red or green alga. In addition to these enzymes acquired by
endosymbiotic gene transfer, polyamine biosynthesis has
expanded either by duplication of the gene encoding SpdSyn to
form SpmSyn in flowering plants and yeasts or by horizontal
acquisition of a bacterial fusion gene that evolved to encode the
metazoan SpmSyn. In some plants, Cad can be produced by an
ODC that has evolved to recognize lysine as well as ornithine,
and Hspd is produced by an enzyme that evolved from a gene
duplication of gene encoding DHS to form a DHS-like HSS.
Some single-celled eukaryotes have horizontally acquired a
bacterial HSS. Dap and Nspd are products of catabolism of
Spd/Spm and Tspm by polyamine oxidases. The LCPAs of
diatoms are very likely synthesized by bacterially derived
AdoMetDC-aminopropyltransferase fusion proteins that have
evolved through acquisition of methyltransferase and chroma-
tin modification domains.

Polyamines in Bacteria

The bacterial analogue of eIF5A, elongation factor EF-P, is
modified by lysine rather than by an aminobutyl group from
Spd (57, 58), and there is no known conserved function of any
polyamine in bacteria. Reflecting these observations is the pres-
ence of a more varied polyamine repertoire in bacteria. Spd is
the most commonly found triamine, although many bacteria
from diverse phyla produce only Hspd, and a much smaller
number of bacteria produce only Nspd (59). There is also a
diversity of diamines found in bacteria, and by far the most
common is Put, but Cad is also widespread in Proteobacteria,
and Dap is found sporadically in diverse phyla.

Diamines are mainly produced biosynthetically, but in a
much more phylogenetically limited group of bacteria, they are
produced as a response to acid stress, through specific acid-
induced decarboxylation of arginine, ornithine, and lysine and
subsequent export of Agm, Put, and Cad (60, 61). Dap is pro-
duced as a precursor of Nspd in the Vibrionales (62– 64) and is
also produced in the absence of Nspd production in species
such as Acinetobacter baumannii (63). Biosynthesis of Dap
involves two enzymes: L-2,4-diaminobutyrate:2-ketoglutarate
4-aminotransferase (DABA AT) and L-2,4-diaminobutyrate de-
carboxylase (DABA DC). There are several pathways for Put

production in bacteria: directly through ODC activity or indi-
rectly by ADC to form Agm, and then directly from Agm to Put
using agmatinase/agmatine ureohydrolase (AUH), or indirectly
from Agm via N-carbamoylputrescine to Put using AIH and
NCPAH. The most prevalent route, decarboxylation of argi-
nine, is performed by ADC enzymes that have convergently
evolved from at least four different protein folds (65). Cad and
Dap can be produced by dedicated genes encoding lysine decar-
boxylase (LDC), and by DABA AT/DABA DC that are incorpo-
rated into gene clusters of siderophore biosynthetic enzymes,
and in these cases, the diamine is incorporated into the sidero-
phore structure (66). A phylogenetically limited diamine, found
almost exclusively in �-proteobacteria, is 2-hydroxyputrescine
(59), but the hydroxylating enzyme has not yet been identified.

The most prevalent triamine in bacteria is Spd, and in
contrast to eukaryotes, there are two alternative pathways
for Spd biosynthesis: the AdoMet-dependent pathway using
AdoMetDC and SpdSyn found in all three domains of life (67),
and a bacteria-specific aspartate �-semialdehyde-dependent
pathway (Fig. 3) that uses carboxyspermidine dehydrogenase
(CASDH) and carboxyspermidine decarboxylase (CASDC) (64,
68, 69). A variant AdoMet-dependent pathway is present in
some bacteria such as the extreme hyperthermophile Thermus
thermophilus, where Agm is aminopropylated to form amino-
propylagmatine, the substrate for an AUH homologue that then
produces Spd (70). There is inherent biosynthetic flexibility in
both alternative pathways. When Put supply was made limiting
by growing an Escherichia coli AUH mutant in arginine-con-
taining medium, aminopropylcadaverine (Fig. 1) was formed
(71), and it was later shown that aminopropylcadaverine is as
effective as Spd in restoring normal growth to a polyamine aux-
otroph (72). Production of aminopropylcadaverine by the
AdoMetDC/SpdSyn pathway has also been demonstrated with
mammalian and fungal cells (73, 74).

The CASDC/CASDH pathway was shown to produce Nspd
from Dap and Spd from Put in V. cholerae (64); and Spd from
Put, and aminopropylcadaverine and bis(aminopropylcadaver-
ine) from Cad in the �-proteobacterium Agrobacterium tume-
faciens (75). Triamine Hspd can be produced either by HSS, an
enzyme related to CASDH, or from the DHS homologue DHS-
like HSS (39). The HSS enzyme of Bradyrhizobium japonicum
is able to aminobutylate Cad to form 4-aminobutylcadaverine
(39, 76), and it was later demonstrated to be a common feature
of HSS from diverse phyla expressed in E. coli (39). It should be
pointed out that although the plant DHS-like HSS enzymes
have been functionally confirmed, the evidence for the bacterial
DHS-like HSS activity is still circumstantial.

It had been accepted dogma that bacteria do not produce
Spm (77); however, that supposition was incorrect, and in fact
Spm has been detected in diverse bacteria (25). No specific bac-
terial SpmSyn has been identified, and it is likely that in some
species the Spd biosynthetic machinery can recognize Spd as a
substrate to synthesize Spm (75). It has also been claimed that
homologues of the plant A. thaliana acl5-encoded aminopro-
pyltransferase TspmSyn found in bacteria are also specific for
Tspm synthesis (77); however, it is more likely that those ho-
mologues encode agmatine aminopropyltransferase (70),
because there are no reports of Tspm in the bacteria that pos-
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sess Acl5 homologues. In some bacteria such as the �-proteo-
bacterium Rhodothalassium salexigens, Hspd is aminopropy-
lated to form the tetraamine aminopropylhomospermidine
(78). Aminopropylated Nspd, i.e. the tetraamine Nspm (Fig. 1),
is found in diverse hyperthermophiles (79), but the biosynthetic
pathway is uncharacterized. The wide repertoire of tetraamine
and longer chain polyamines found in the extreme hyperther-
mophile T. thermophilus is likely to be synthesized by the
agmatine aminopropyltransferase, as this enzyme can also rec-
ognize Nspd and Spd as substrates (80). It is not known how
Nspd is produced in T. thermophilus, but it is possible that
Nspd may be a product of Tspm oxidation.

Polyamines in Archaea

Archaea possess a version of eIF5A that is also modified by
hypusine formation (81), and inhibition of DHS by N1-guanyl-
1,7-diaminoheptane causes cell cycle arrest in the crenarchae-
ote Sulfolobus acidocaldarius (82). Because all archaeal ge-
nomes encode a DHS homologue, it can be reasonably assumed
that Spd will be required for cell growth in all archaea. It was
discovered that Agm is essential for cell growth of Thermococ-
cus kodakaraensis (83) and cannot be substituted by Put or Spd.
Subsequently, it was shown that Agm is used to modify a cyti-
dine in the anticodon of archaeal tRNA(Ile) and that the agma-
tine modification (agmatidine) is essential for decoding AUA
(84, 85). The hypusine and agmatidine modifications mean that
archaea must synthesize Spd or Hspd (Hspd can donate an ami-
nobutyl group for deoxyhypusine formation) and that it must
be through the ADC pathway to produce Agm. Although Spd is
the most common triamine in archaea, Hspd is prevalent in the
Methanobacteria, Methanococci, and Methanomicrobia (86).

There are two forms of ADC, a trimeric pyruvoyl-dependent
enzyme (87, 88), and mainly in the Crenarchaeota, a paralogue
of AdoMetDC that has acquired the ability to recognize argi-
nine as a substrate (89). Two forms of agmatinase in archaea
have been identified: the enzyme from Pyrococcus horikoshii is
dependent on manganese, cobalt, or calcium (90), whereas that

from Methanocaldococcus jannaschii is dependent on iron (91).
Production of Spd from Put is by the activity of AdoMetDC and
aminopropyltransferase SpdSyn (92, 93). The aminopropyl-
transferase of Sulfolobus solfataricus was found to recognize a
range of diamines and triamines (92). The variant AdoMet-de-
pendent aminopropylagmatine pathway for Spd biosynthesis,
previously identified in the bacterial extreme hyperthermo-
phile T. thermophilus, was found in the euryarchaeote T. koda-
karaensis (94).

Although there is no biochemical characterization of the
Hspd biosynthetic enzymes in archaea, homologues of the bac-
terial HSS are present in Methanosarcina species (39), and
genomic analysis of DHS homologues in archaea indicates that
some genomes encode two homologues, suggesting that one
may act as a DHS-like HSS. Many halophilic archaea (Halobac-
teria) do not appear to accumulate any polyamine except Agm
(95), and yet every halobacterial genome encodes DHS. It may
be that DHS is able to transfer the aminobutyl group of Agm to
the archaeal aIF5A, or that the DHS is involved in a novel mod-
ification to aIF5A. Archaeal extremophiles may contain a very
diverse polyamine repertoire including Nspd and Nspm, and
longer aminopropylated versions (caldopentamine, caldohex-
amine) (96). Some of these species encode one or two homo-
logues of the plant Acl5 thermospermine synthase, and in vitro
analysis indicates that these aminopropyltransferases have a
relaxed substrate specificity and are able to produce a range of
longer chain polyamines (97). What controls the products pro-
duced in vivo is unknown.

Conclusions and Future Perspectives

Although the search term “polyamine” will retrieve more
than 93,000 publications from PubMed, there has been rela-
tively little effort to systematically address the function of poly-
amines, particularly in bacteria. Most of the major routes for
polyamine biosynthesis appear to have been identified, but for
the most part, the regulation and function of polyamine biosyn-
thesis in bacteria are an extant mystery. It is clear that poly-
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amines are essential for growth in some bacterial species and
influence biofilm formation in others. Furthermore, poly-
amines are prominent in many natural products produced in
bacteria, particularly siderophores. A more systematic and
comparative approach to reveal conserved and specialized
functions of polyamines in bacteria is required, especially at the
molecular level. This is pertinent to medically relevant patho-
gens, where polyamines have been implicated in pathogenesis
and virulence.

An important question that requires addressing in eu-
karyotes is whether there are functions of Spd in addition to
modifying eIF5A and serving as a precursor of tetraamine bio-
synthesis. In addition, the in vivo molecular functions of Spm
and Tspm are still unknown, although Spm is essential for
mouse development (98) and Tspm is essential for normal
growth and development of A. thaliana (32). Intriguingly, Spm
is not required for normal laboratory growth of yeast and
A. thaliana. With these major gaps in our knowledge, there are
still profound questions to be answered in eukaryotic poly-
amine biology. Finally, the study of polyamines is a multidisci-
plinary field that affords an opportunity to consider life in its
biologically widest and evolutionarily deepest extent, and has
immediate biomedical and biotechnological relevance.
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The content of spermidine and spermine in mammalian cells
has important roles in protein and nucleic acid synthesis and
structure, protection from oxidative damage, activity of ion
channels, cell proliferation, differentiation, and apoptosis. Sper-
midine is essential for viability and acts as the precursor of
hypusine, a post-translational addition to eIF5A allowing the
translation of mRNAs encoding proteins containing polyproline
tracts. Studies with Gy mice and human patients with the very
rare X-linked genetic condition Snyder-Robinson syndrome
that both lack spermine synthase show clearly that the correct
spermine:spermidine ratio is critical for normal growth and
development.

There is very strong experimental evidence that mainte-
nance of a normal polyamine content is essential for a wide
variety of basic cellular functions. (a) Their content is very
tightly controlled with the key enzymes in biosynthesis and
interconversion having multiple levels of regulation in response
to hormonal stimulation and polyamine content. (b) With the
use of specific inhibitors of polyamine biosynthesis, it is rela-
tively easy to substantially deplete cellular polyamine content,
and striking effects have been observed on numerous critical
cell functions including growth, differentiation, apoptosis,
motility, and resistance to oxidative and other stresses. (c) The
interaction of polyamines with nucleic acids and proteins can
affect both structure and stability. Binding of polyamines to
DNA affects its structure and stability (1). The importance of
the effects on DNA stability is emphasized by the presence in
acute thermophiles of high levels of polyamines, including
branched chain molecules and longer linear amines than those
found in mammals. These allow their survival at elevated tem-
peratures (2). The majority of cellular polyamines are bound to
RNA, and the changes in structure produced by binding to ribo-
somes, tRNA, and some mRNAs with particular sequences
influence protein synthesis in multiple ways (3). Interactions of
polyamines with proteins forming microtubules can influence
their assembly and shape (4), and interaction with protein
membrane receptors can have profound effects on crucial
receptors.

It should be stressed that these observations, although con-
firming that polyamines are essential cellular components, do

not indicate that the polyamines necessarily play regulatory
roles. Experimental support for such regulation would require
the demonstration that physiological rather than pharmacolog-
ical changes in polyamine content are associated with altera-
tions in function, and this has rarely been demonstrated
rigorously.

It is not possible in a brief review to describe all of the actions
that have been assigned to polyamines. The focus is on those
functions that have been demonstrated to influence animal
growth and development with particular emphasis on the phe-
notypes revealed by experimental animals and humans with an
inborn error of metabolism leading to a reduction in spermine.

Polyamine Content and Metabolism

The polyamines synthesized by mammals are the triamine
spermidine, the tetramine spermine, and their precursor
putrescine (Fig. 1). Traces from dietary sources of other poly-
amines such as agmatine may be present in human tissues, but
there is no convincing evidence that these play any physiologi-
cal role. In contrast, the native polyamines are essential for via-
bility. The polyamine biosynthetic and interconversion path-
way in mammals is well established and has been described in
multiple reviews (5, 6). Putrescine is formed by ornithine decar-
boxylase (ODC),2 and S-adenosylmethionine decarboxylase
(AdoMetDC) produces dcAdoMet (Fig. 1). Inactivation of the
ODC or AdoMetDC genes or treatment with ODC inhibitors
results in lethality early in embryonic development (7–9). The
contents of ODC and AdoMetDC are very highly regulated at
multiple levels in response to stimuli controlling polyamine lev-
els. The supply of dcAdoMet limits the formation of the higher
polyamines by spermidine synthase and spermine synthase
(Fig. 1). In mammals, these two aminopropyltransferases are
highly specific with regard to their amine substrate (10, 11).
Restrictions in the active site in spermidine synthase will not
allow the binding of the larger spermidine at the putrescine
substrate site (12), and the corresponding site in spermine
synthase exclusively favors spermidine as substrate over
putrescine (13). The aminopropyltransferase reactions are
effectively irreversible, but the polyamines can be intercon-
verted by oxidative degradation directly via spermine oxi-
dase or by acetylpolyamine oxidase after acetylation via sper-
midine/spermine-N1-acetyltranferase (SSAT) (6, 14). The
latter pathway is effectively controlled by the content of
SSAT, a highly regulated cytosolic enzyme, which responds
to high polyamine levels (14).

Proliferation, Differentiation, and Apoptosis

Polyamines are essential for cell proliferation. Polyamine
content is higher in rapidly growing tissues, and regenerative
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and growth-promoting hormonal stimuli enhance polyamine
synthesis and content (15–17). Treatment of cultured cells with
ODC inhibitors such as �-difluoromethylornithine (DFMO)
led to a virtually complete loss of putrescine and spermidine but
little change in spermine and halted cell proliferation (18).
Cytostasis was reversed by the provision of exogenous putres-
cine or spermidine, which restored a normal spermidine con-
tent. Even after long exposure, the effects of DFMO were cyto-
static rather than cytotoxic. This may be due to the presence of
residual spermine and hypusinated eIF5A (see below), which
both decline very slowly in quiescent cells. When treatments
were used that depleted both spermidine and spermine, there
were progressive decreases in both proliferation and viability
and increased apoptosis, which were prevented by the provi-
sion of exogenous polyamines (19 –21). Studies with cultured
cells from rodents lacking spermine synthase confirmed that a
normal growth rate was maintained in cells with elevated sper-
midine levels but no spermine (22, 23).

Hypusine and eIF5A

Spermidine acts as the aminobutyl group donor for post-
translational modification of a specific lysine residue of trans-
lation factor eIF5A by deoxyhypusine synthase. Subsequent hy-
droxylation by deoxyhypusine hydroxylase results in formation
of N�-(4-amino-2-hydroxybutyl)lysine (hypusine) (24, 25). This
modification is essential for eIF5A activity. The genes for
eIF5A-1, deoxyhypusine synthase, and deoxyhypusine hydrox-
ylase are essential for viability in mice (26 –28). eIF5A may con-
tribute to transcription, mRNA turnover, nucleocytoplasmic
transport, and apoptosis (25, 29), but its best understood func-
tion is to allow the translation of mRNAs encoding proteins
containing polyproline tracts or triplets of PPX (where X may
be Gly, Trp, Asp, or Asn) (30, 31). Ribosomes arrest on such
nascent polyproline stretches. The ribosome-bound hypusiny-
lated eIF-5A reaches toward the peptidyltransferase center of
the ribosome and stabilizes and orients the CCA end of the
peptidyl-tRNA to allow synthesis through these regions (32).

FIGURE 1. Polyamine structures, biosynthesis, and interconversion. APAO, acetylpolyamine oxidase.
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Proteins containing such proline repeats include proteins reg-
ulating key functions in growth and development including
actin/cytoskeleton-associated functions, RNA splicing/turn-
over, DNA binding/transcription, and cell signaling (27, 33).
eIF5A is a relatively stable protein, but it can be acetylated
either at Lys 47 (a residue essential for activity) by certain his-
tone acetyltransferases or on the deoxyhypusine residue by
SSAT (34), suggesting that its function may be regulated by
acetylation/deacetylation.

Vertebrates have a second gene encoding eIF5A2, which is
not widely expressed and is not essential but is present in sev-
eral cancers where it is associated with aggressive growth and a
poor prognosis (27, 29). Prevention of hypusine formation in
eIF5A2 inhibits tumor growth and reduces expression of the
oncogenic tyrosine kinase PEAK1 (35).

Inhibitors of hypusine synthesis such as N1-guanyl-1,7-di-
aminoheptane (GC7) block growth in a similar way to DFMO
(35). Studies of the temporal effects in cells treated with both
DFMO and N1-guanyl-1,7-diaminoheptane show a reduction
of proliferation prior to the loss of hypusinated eIF5A, suggest-
ing that spermidine is also required for other proliferative func-
tions (36). Interactions of polyamines with RNA can influence
the content of individual proteins in multiple ways including
alterations in ribosomal structure, facilitation of the formation
of initiation complexes, and allowing readthrough of inefficient
initiation complexes and enhancing frameshifting (3, 37–39).
Polyamines can also affect protein content via direct and indi-
rect effects on post-translational protein processing (40, 41)
and on protein degradation (41– 43).

The role of polyamines in affecting the level of key regulatory
proteins is likely to underlie their importance in wound healing,
cell migration, and tissue remodeling, which involves regulated
apoptosis. Specific examples of such polyamine-regulated pro-
teins involved in gastrointestinal mucosal growth and self-re-
newal have been described (44 – 46). Polyamine content is crit-
ical for stem cell differentiation including adipogenesis (47, 48),
osteogenesis (49, 50), and muscle development (51).

Polyamines and Ion Channels

Kir Channels

Potassium flux through Kir channels affects the resting
membrane potential, cardiac and neuronal electrical activity,
and electrolyte balance. In 1994, the Nichols laboratory showed
that binding of polyamines caused rectification in the HRK1 Kir
channel expressed in Xenopus oocytes (52). Subsequent work
has extended the observation to a large family of such Kir chan-
nels. There is a very steep voltage dependence of the polyamine-
mediated block, which is consistent with significant increases
in excitability being associated with small changes in polyamine
levels. Because spermine is more potent than spermidine (52,
53), a change in the ratio of polyamines may also bring about
significant alterations in activity.

Structural studies of the Kir1–7 subfamilies have shown that
polyamines bind first to a “shallow” binding site at the cytoplas-
mic pore with weak voltage dependence and then migrate
through a long pore to the deep position where they interact
with an acidic residue described as the “rectification controller”

to generate steep voltage dependence (54 –56) (Fig. 2A). Vari-
ants corresponding to various SNPs of the KCNJ10 gene show
differences in spermine binding and response (57).

Ionotropic Glutamate Receptors

The activities of gated ion channels that allow passage of
cations through the cellular membrane and that respond to the
binding of a ligand such as glutamate are involved in synaptic
transmission and synaptic plasticity underlying learning and
memory. There are three groups of these receptors each with
multiple members based on their modifying agents: NMDA;
AMPA; and kainate. The activities of some members of all three
groups can be influenced by polyamines (3, 58 – 60).

These include some NMDA receptors that act as both
ligand-gated and voltage-dependent channels and control syn-
aptic plasticity (3, 58, 60). Spermine is more potent than sper-
midine, and a wide variety of longer synthetic polyamines have
been shown to have potent pharmacological effects. The effects
of polyamines involve at least two sites and can lead to both
stimulation and a weak voltage-dependent inhibition repre-
senting an open channel block. This complexity of effects
reflects both the varied subunit composition of the receptors
and their stimulatory agent and the presence of multiple sites at
which polyamines can bind (61, 62). Some of the effects of poly-
amines on NMDA receptors involve binding to extracellular
sites on these channels. It is unclear to what extent extracellular
concentrations of polyamines are sufficient to bring about these
actions under physiological circumstances. However, some flux
of polyamines through these channels may occur.

Polyamines affect members of the family of AMPA receptors
that lack the GluA2 subunit (59, 63). AMPA receptors are crit-
ical neurotransmitters responsible for fast excitatory neu-
rotransmission in the CNS and regulate synaptic strength.
These channels are subject to a block by endogenous intracel-
lular polyamines (most potently spermine) that confers pro-
found rectification on the responses and influences frequency-

FIGURE 2. Polyamine interaction with ion channels. A, spermine is depicted
in a deep binding site in the inner cavity of a molecular model of the
Kir6.2[N160D] mutant channel, generated as a homology model based on an
open conformation model of KirBac1.1 (98) with this blocker configuration
generated using AutoDock as described previously (54), and selected based
on functional studies of Kir6.2[N160D] and Kir2.1 channel (55). B, side view of
the crystal structure of the full-length ionotropic glutamate receptor, GluA2
(Protein Data Bank (PDB) ID 3KG2), with a single spermine molecule manually
positioned in the transmembrane pore region. C, view of the GluA2 trans-
membrane domain from the intracellular side showing a single spermine in
the pore region. D, two subunits (A/C) of the Bacillus cereus NaK channel pore
(PDB ID 3E86) with putrescine (left), spermidine (middle), and spermine (right)
docked in the selectivity filter (66).
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dependent facilitation at synapses expressing them (64, 65).
Binding of spermine occurs within the pore region of the
channel and is usage voltage-dependent (Fig. 2, B–D). Thus,
polyamines may regulate the amount of Ca2� flux and the
excitability threshold at developing synapses. Repetitive activa-
tion of these receptors results in facilitation due to polyamine
unblocking (63).

Spermine has a similar effect on some kainate receptors
(which have roles in sensing pain, neuronal development, and
synaptogenesis), producing a voltage-dependent block (59, 66).
Extracellular spermine may also potentiate kainate receptors
with certain subunit compositions by relieving proton inhibi-
tion of the receptor (67).

TRPC Channels and Connexins

TRPCs constitute a seven-member family of calcium-per-
meable, nonselective cation channels that function as store-
operated as well as second messenger-operated channels and
regulate gastrointestinal smooth muscle excitability and con-
tractility. TRPC4 and -5 are strongly inhibited by intracellular
polyamines, particularly spermine, via interactions with two
glutamate residues (68). Communication between astrocytes
was enhanced by spermine (69), and intracellular spermine
increased gap junction communication and prevented uncou-
pling at low pH of connexin Cx43 channels (70).

Toxicity of Polyamines

Very early studies on polyamines revealed significant toxicity
when solutions containing spermine were injected into exper-
imental animals (71). The LD50 of spermine was 10 times higher
when administered orally. Acute toxic effects included hypo-
tension, neurotoxicity, diuresis, and a potentially lethal neph-
rotoxicity. Spermidine was much less potent in producing such
renal damage. These results focused attention on the potential
role of oxidation products in damaging the kidneys, and many
subsequent experiments have confirmed the toxicity of such
metabolites toward isolated cells and organisms. Several Cu2�-
dependent amine oxidases that attack the terminal amine
groups of polyamines can form highly toxic products from
spermine including hydrogen peroxide, reactive aldehydes, and
acrolein (72, 73). It seems probable that such metabolites may
be responsible for the renal damage if high levels of spermine
accumulate in the kidney. There is evidence that the bovine
plasma amine oxidase could actually protect from injected
spermine, presumably by reducing the renal level (71). The con-
tent of such plasma amine oxidases is highly species-depen-
dent, and it is possible that maximal tolerated doses of spermine
could differ substantially with species. The toxicity of poly-
amine oxidation products produced as described above and
from the internal cleavage of spermine by spermine oxidase is
well documented and has been implicated in the causation of
stroke, other neurological diseases, renal failure, liver disease,
and cancer (73, 74).

Mice Lacking Spermine Synthase

In 1986, a mutant mouse strain was obtained after X-irradi-
ation in which male offspring developed hypophosphatemia
with rickets/osteomalacia and other abnormalities including a

circling behavior that led to their description as Gyro or Gy
(75). These other alterations were not seen in Hyp mice, which
have a similar hypophosphatemia due to inactivation of the
phosphate-regulating gene Phex. In 1998, two groups (76, 77)
showed that the Gy mice had a deletion of the part of the X
chromosome that includes the spermine synthase gene as well
as part of the adjacent Phex gene, suggesting that the additional
changes, which include a greatly reduced size, sterility, deaf-
ness, neurological abnormalities, and a propensity to sudden
death causing a very short life span, were due to the loss of
spermine.

Subsequent studies confirmed that spermine synthase activ-
ity was absent from all tissues of the male Gy mice and that
these tissues contained elevated levels of spermidine and lacked
spermine (22). Proof that the phenotype was due to the absence
of spermine synthase was obtained by breeding with a trans-
genic mouse line CAG-SpmS that expresses spermine synthase
from a ubiquitous and unregulated promoter (78). Offspring
with the transgene had normal brain function, hearing, balance,
fertility, and life span despite the Gy mutation (79, 80) (Fig. 3).
The hypophosphatemia was not corrected, and there was a
reduction in body weight due to a loss of bone mass because of
the loss of the Phex gene product (Fig. 3D). Spermine is there-
fore needed for normal neurological activity, growth, viability,
and fertility in male mice. However, tight regulation of sperm-
ine synthase content is not required because there was a very
large increase in spermine synthase above that found in normal
control mice in all of the tissues studied (Fig. 3B) (79). This
increase was not reflected in the spermine content, which was
restored to levels only moderately above normal, but the sub-
stantial elevation of spermidine in Gy mice was abolished (Fig.
3A). These findings indicate that the spermine:spermidine ratio
is critical for normal growth and development.

All tissues from Gy mice had undetectable levels of spermine
despite a diet that contains substantial amounts of this poly-
amine (Fig. 3A) (22, 79). Even after greatly increasing the
spermine content in the diet or after administration of sperm-
ine by injection of the maximally tolerated dose, there was only
a very limited uptake (80).

A good case can be made that the impaired hearing, prob-
lems in balance, circling behavior, and short life span in Gy mice
are related to malfunctions in ion channels due to the loss of
spermine (80 – 82). The Gy mice were totally deaf and had an
almost complete loss of the endocochlear potential; they also
had serious problems with balance (80). These effects, which
were abolished when spermine synthase was restored, can be
explained by malfunction of the cochlear lateral wall-specific
Kir4.1 channel (83), which maintains the endocochlear poten-
tial and is known to be one of the channels subject to strong
inward rectification by polyamines. One of the side effects of
clinical treatment of humans with high doses of DFMO is a high
frequency hearing loss (84), but in general, DFMO has been
found to be remarkably non-toxic in both clinical and animal
studies. However, the Gy mice showed a striking toxic response
to treatment with this ODC inhibitor (80). Within 2–3 days of
oral treatment with DFMO, they suffered a catastrophic loss of
motor function resulting in death within 5 days. The inability to
maintain normal balance is consistent with an important role
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for polyamines in maintaining normal functions of Kir and glu-
tamate receptor channels.

Impaired Kir channel activity is also likely to explain the
restricted life span of the Gy mice (Fig. 3C), which showed sig-
nificant irregularities in cardiac electrical activity with arrhyth-
mias leading to sudden death (82). The steepness of rectifica-
tion of cardiac Kir channels was reduced in myocytes isolated
from such Gy mice (81). In humans, loss of inward rectification
in Kir2.1 channel due to an inherited mutation at one of the
spermine-binding sites (Asp-172) caused short QT syndrome,
which predisposes patients to life-threatening arrhythmias
(85).

Histological examination of the testicular morphology in Gy
mice showed a reduction in Leydig cells and the almost com-
plete absence of mature spermatozoa with most of the cells in
the seminiferous tubules remaining as spermatogonia or early
stage primary spermatocytes (79). Levels of polyamines are
known to be markedly lower in seminal plasma of infertile men.
It is possible that brain-related endocrine alterations also influ-
ence sperm development in Gy mice via changes in gonadotro-
phins, which are known to influence ODC activity in Leydig and
Sertoli cells via changes in cAMP (86).

The small size and poor muscle development in Gy mice are
consistent with the role of polyamines in protein synthesis, cell
proliferation, and differentiation. However, cultured fibro-
blasts lacking spermine derived from these mice grew at a nor-
mal rate, although they differed in sensitivity to some DNA-
damaging agents including UV radiation (22, 23, 87). This
suggests that the high levels of spermidine are sufficient to

allow normal cellular growth and proliferation and that the
defect in Gy mice is also related to the critical role of the sper-
mine:spermidine ratio in myocyte differentiation (51).

Unfortunately, the Gy model cannot be used to study the
effects of spermine on osteogenesis because of the simultane-
ous deletion of the Phex gene. Attempts to generate mice with a
specific inactivation of the SMS gene have not led to viable
progeny in the 129/SVJ strain tested (87). The Gy mice are only
viable on the B6C3H background. Attempts to move the phe-
notype by breeding to a more defined background were unsuc-
cessful. It is therefore likely that this mixed strain has some
other genes that allow survival in the absence of spermine. The
identification of these genes would be very useful in the under-
standing of polyamine function.

Humans Lacking Spermine Synthase

In 2003, Schwartz and colleagues (88) discovered that a very
rare X-linked recessive condition termed Snyder-Robinson
syndrome (SRS) was due to a mutation in the spermine syn-
thase (SMS) gene located at Xp.21.3-p22.12. This mutation
causes incorrect splicing that inserts a premature stop codon,
resulting in an inactive truncated protein. A small level of cor-
rect splicing produces some spermine synthase activity (10 –
15%). SRS syndrome in the original family presented as an
X-linked recessive trait associated with cause mild-to-moder-
ate mental retardation and a variety of other characteristics
described below.

Subsequent genetic and biochemical analysis of other males
with potential SRS has identified other point mutations at 13

FIGURE 3. Effect of transgenic spermine synthase expression in Gy mice. A, polyamine content in brain. B, spermine synthase activity in brain (note log
scale). C, survival. D, size. Results in panels A and B are shown as the mean � S.E. for at least six animals. See Ref. 79 for details. This figure was modified from
research originally published in the Journal of Biological Chemistry. Wang, X., Ikeguchi, Y., McCloskey, D. E., Nelson, P., and Pegg, A. E. Spermine synthesis is
required for normal viability, growth and fertility in the mouse. J. Biol. Chem. 2004. 279, 51370 –51375. © The American Society for Biochemistry and Molecular
Biology.
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different sites (Fig. 4) in the coding region of the SMS gene
(89 –94). Most of these mutations have been tested after expres-
sion of the mutant protein in vitro, and all alterations lead to
loss of most spermine synthase activity (�90%), and in many
cases, significantly decreased protein stability and protein con-
tent. The expansion of cases of SRS has led to a fuller under-
standing of the typical features of this syndrome. All affected
males show intellectual disability, speech abnormalities, muscle
hypoplasia, diminished body bulk, hypotonia, and some form of
osteoporosis. Kyphoscoliosis, facial dysmorphism, long great
toes, and an unsteady gait and seizures are common; renal
abnormalities and myopia occur in some patients. The physical
signs evolve from childhood to adulthood.

In addition to genetic analysis, SRS can be diagnosed by LC-
MS/MS measurement of spermine/spermidine ratio in patient
lymphoblasts (89). Plasma content of N8-acetylspermidine may
also be a valuable marker (94). Cultured lymphoblasts or fibro-
blasts from SRS males show a major reduction in immunoreac-
tive spermine synthase and a large decrease in the spermine:
spermidine ratio. Spermine is not absent but is significantly
reduced, whereas spermidine is substantially increased. The
connection between the spermine synthase mutation and SRS
is clearly firmly established, but the severity of symptoms is not
well correlated with the extent of the alteration in polyamine
content. This could be related to the putative modifying genes
suggested above in connection with the Gy mice, but it is hard
to reach definite conclusions without more information on
polyamine content in target cells. Polyamine levels in bone
marrow stromal cells from two brothers caused by a Q148R
mutation were analyzed, and there was a greater reduction in
spermine and increase in spermidine than seen in fibroblasts
(90). It is therefore possible that cell types other than the readily
obtained lymphoblasts or fibroblasts may have more pro-

nounced alterations in polyamines, although it should be noted
that levels vary with growth rate.

The skeletal abnormalities in SRS males correlate with a
severe deficiency of calcium phosphate mineralization and a
depletion of osteoblasts, and there is convincing experimental
evidence that polyamines promote osteogenic differentiation
(49, 50). These effects could also occur in Gy mice but be
masked by the Phex deletion. The neurological and behavioral
changes and the propensity to stroke in SRS can readily be asso-
ciated with changes in polyamine-regulated ion channels. Vol-
umetric neuroimaging analyses revealed changes in the brains
of SRS (95).

It is possible that some of the changes in Gy mice related to
Kir channels such as deafness and cardiac arrhythmias leading
to sudden death are not seen in humans due to the continued
presence of some spermine. The source of this spermine is
unclear. It may be due to some limited spermine synthase activ-
ity because none of the mutations totally eliminates the hSMS
gene, but the activity of the these proteins is very low when
expressed in a recombinant form and they are also very unsta-
ble, leading to a much lower protein content. Another possibil-
ity is that human spermidine synthase may have a greater
capacity to make spermine than the mouse equivalent. It is not
likely to be due to dietary uptake as significant spermine is seen
in SRS cells grown in culture using polyamine-free media.

Spermine synthase is a homodimer containing two active
sites, and dimerization is essential for activity. Each monomer is
made up of three domains: a C-terminal domain, which con-
tains the active site; a central domain made up of four �-strands
and an N-terminal domain needed for dimerization (Fig. 4)
(13). Mutations of spermine synthase leading to SRS are found
in all of these regions and in linker sequences (Fig. 4). Some
mutations prevent dimerization. The possibility of using small
molecules to restore activity and stability to these mutants by
interacting with the dimer interface is under active investiga-
tion (96).

An alternative approach to providing more general therapy
for SRS would be to attempt to restore spermine levels by direct
administration. This is not a simple procedure because, as
described above, there is significant toxicity of direct spermine
administration, whereas dietary manipulation to increase total
spermine intake did not raise spermine levels in tissues of Gy
mice due to impaired uptake. Membrane transport of poly-
amines in mammals is blocked by antizyme, a protein that also
promotes the degradation of ODC and is induced by spermi-
dine (43, 97). The frameshifting mechanism that underlies this
induction is quite well understood (38), and it may be possible
to design small molecules to interfere with this. These would
have the disadvantage of also increasing ODC, but contrary to
many statements in the literature, the limiting step in the syn-
thesis of spermidine is not ODC but the availability of dcA-
doMet. Another approach would be to test membrane-perme-
able derivatives of spermine that could then be converted to
spermine inside the cell. A pilot molecule for such studies
would be N1,N12-diacetylspermine. Although it is possible that
very early intervention would be needed to restore a totally
normal phenotype, the progressive nature of the conditions
does suggest that a way to normalize the spermine:spermidine

FIGURE 4. Mutations causing Snyder Robinson Syndrome. A monomer of
human spermine synthase (13) is shown as a ribbon (left) and topology dia-
gram (right) (PDB IDs 3C6K and 3C6M). The N-terminal, central, and C-terminal
domains are shown in brown, red, and green, respectively. The loop connect-
ing the N-terminal and central domains is in gray. Known mutations causing
SRS are shown (88 –94).

MINIREVIEW: Functions of Polyamines in Mammals

JULY 15, 2016 • VOLUME 291 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 14909



ratio would have beneficial effects. Despite the differences
between the phenotypes of SRS patients and Gy mice, these
mice do provide a model for the examination of such ap-
proaches to increasing intracellular spermine.
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Protein misfolding results in devastating degenerative dis-
eases and cancer. Among the culprits involved in these illnesses
are prions and prion-like proteins, which can propagate by con-
verting normal proteins to the wrong conformation. For spon-
giform encephalopathies, a real prion can be transmitted among
individuals. In other disorders, the bona fide prion characteris-
tics are still under investigation. Besides inducing misfolding of
native proteins, prions bind nucleic acids and other polyanions.
Here, we discuss how nucleic acid binding might influence pro-
tein misfolding for both disease-related and benign, functional
prions and why the line between bad and good amyloids might
be more subtle than previously thought.

Several degenerative human diseases are triggered by protein
misfolding. Prions are proteins that misfold and can cause nor-
mal cellular proteins to aggregate and misfold, thus amplifying
the conversion process and triggering disease propagation.
Additionally, true prions can propagate from cell to cell and
between individuals; they are transmissible. The true transmis-
sibility of these diseases has been fully attributed to the prion
protein (PrP),2 which is involved in transmissible spongiform
encephalopathies and other prion diseases. However, recent
evidence suggests that other degenerative disorders may share
the same molecular mechanisms (1– 4). It has been shown that
both amyloid and amorphous aggregates formed by proteins
implicated in human degenerative diseases, such as amyloid �
(A�), �-synuclein, and p53 in Alzheimer disease, Parkinson dis-

ease, and cancer, respectively, can trigger protein misfolding
that can spread among cells and/or tissues (4 – 6). Although
these disorders may not be absolutely transmissible, they are
characterized as prion-like diseases.

In the past decade, more attention has been directed toward
the topic of sustained protein aggregation leading to physiolog-
ical cellular processes. The type of protein involved in this
benign aggregation is known as a functional amyloid, or prion.
Although it undergoes conformational changes and organized
polymerization, it is an important player in many processes,
such as memory consolidation (CPEB, CPEB3, and Orb2), the
immune response to viral infection (mitochondrial antiviral
signaling protein (MAVS)), and hormone transport (Pmel17)
(7–10). Yeast prions have such characteristics, and there are
several important reviews on this subject (11, 12). Amyloids in
prokaryotes also have similarities to those found in eukaryotic
amyloid diseases. Examples include the curli proteins (13), an
Escherichia coli protein that aggregates upon nucleic acid bind-
ing (14), and the formation of biofilms in Staphylococcus
aureus, in which extracellular DNA stimulates the formation of
amyloid fibers (15). In this review, we will focus mainly on dis-
ease-related and functional prions or amyloids in multicellular
organisms and their involvement with nucleic acids.

A common characteristic of these proteins (disease-related
or functional prions) is that they bind polyanions, such as
nucleic acids, glycosaminoglycans, and lipids (16 –19). Nucleic
acid binding has been described for PrP, �-synuclein, amy-
loid-�, and huntingtin, which are involved in transmissible
spongiform encephalopathies, Parkinson, Alzheimer, and
Huntington diseases, respectively (18, 20). Proteins involved in
amyotrophic lateral sclerosis (ALS), such as superoxide dismu-
tase, TDP43, and FUS/TLS proteins, also bind DNA and RNA
sequences. These binding patterns are related to their cellular
functions (21). In the case of the prion proteins, A� and �-sy-
nuclein, binding occurs, but no related functional impact has
been discovered. Several recent studies have expanded the
prion-like amyloid aggregation research to cancer because of
the aggregation of p53 and other tumor suppressors (6, 22–24).
This correlation between misfolding/aggregation and nucleic
acid binding is not restricted to pathological events and serves
some routine functions, including the persistence of long-term
memory, as in the case of CPEB in Aplysia and CPEB3 in
mammals (10), as well as the amyloid-like aggregation of the
RNA-binding protein Rim4, involved in gametogenesis (25).
Recently, it was shown that several different amyloid fibrils
induce the release of extracellular traps of chromatin from neu-
trophils (26).

On the pathological side, there are no effective therapies
against diseases involving the prion-like aggregation of pro-
teins. An approach that focuses on protein-nucleic acid inter-
actions, which are the key characteristic of these diseases, might
reveal new therapeutic targets. Nucleic acids can have opposing
effects on protein aggregation, depending on the specific cellu-
lar context, either in function or in pathology. Thus, this rela-
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tionship suggests a molecular personification of Dr. Jekyll and
Mr. Hyde.

PrP Requires Polyanions, Such as RNA or DNA, as
Partners during Pathological Conversion

Prion diseases are attributed to the conversion of the �-hel-
ical cellular form of PrP (PrPC) into a �-sheet-rich conforma-
tion, PrPSc, which is prone to aggregation (27). The nucleic acid
binding properties of PrP have been known for more than 15
years (16). Interestingly, even before the first experiments
describing the aggregation of recombinant PrP upon nucleic
acid binding were published (28, 29), it was hypothesized that a
cofactor triggers PrP aggregation in vivo (30, 31). The initial
studies on the interaction of PrP with nucleic acids began with
simple in vitro assays that used different plasmids, small nucleic
acid molecules, and recombinant purified PrP (28, 29, 32). In
some studies, PrP aggregation and polymerization in amyloid-
like fibers were observed upon binding to DNA (32). In 2001, we
proposed that nucleic acids act as catalysts in the conversion of
PrP, either by helping PrPC and PrPSc encounter one another or
by accelerating PrP misfolding into a species prone to aggrega-
tion that could further recruit new PrP molecules (29, 33)
(Fig. 1).

Over the next few years, our group and others identified
three putative DNA-binding regions along PrP: the octarepeat
portion and the extreme N terminus (KKRPK) in the N-termi-
nal region (34, 35) and the C-terminal domain (34). The inter-
action of PrP with RNA has also been investigated. It was shown
that RNA induced the aggregation of PrP into a proteinase
K-resistant species that can be toxic to cultured cells (36). RNA
was also shown to be needed for the in vitro conversion of PrP
into a PrPSc-like species using a modified protein misfolding

cyclic amplification (PMCA) protocol (37). PMCA was origi-
nally developed to mimic prion replication under in vitro con-
ditions using biological samples containing minimal traces of
infectious PrPSc (38). The work by Suppatapone and co-work-
ers (37) was crucial to corroborate the need for nucleic acid
molecules in generating scrapie prions. Later, it became clear
that other polyanions also induce the conversion of PrP in vitro,
as shown by PMCA and other in vitro conversion assays (16, 19,
37, 39). The resultant PrPSc was shown to be infectious to trans-
genic mice, even when recombinant PrP was used as the seed
(40). Although it became clear that an as yet unidentified neg-
atively charged accessory molecule is important to drive the
conversion process, this hypothesis was also strongly ques-
tioned because of the lack of knowledge of how and where this
encounter would occur in vivo. A recent study describes the
aggregation of PrPC into a �-sheet-rich species induced by
shaking recombinant PrP under appropriate conditions with-
out the addition of any cofactor (41). However, the infectivity of
the aggregated species was not investigated in vivo. It has also
been shown that phospholipids can act as cofactors in prion
conversion (19, 42) (Fig. 1).

Although a specific nucleic acid consensus sequence recog-
nized by PrP has not been defined, there are some sequences to
which PrP prefers to bind (43, 44). The minimal size of the
nucleic acid molecule that can convert PrP into PrPSc-like spe-
cies is also arguable (18, 36, 45). The particular structure of the
nucleic acid also seems to be important for the binding affinity
and specificity. Recent studies have shown that both DNA and
RNA quadruplex structures bind PrP with a high affinity (44,
46) and can modify the PrP conformation. It was shown that
PrP can bind its own mRNA, which contains G4 motifs, causing
it to form a quadruplex structure under particular conditions
(47). It is becoming more and more obvious that PrP binds to
structured nucleic acids, and both the nucleic acid and the pro-
tein undergo structural changes when this interaction occurs
(29, 43, 44, 48, 49). Indeed, different prion strains display dif-
ferent interactions with RNA molecules when added as conver-
sion cofactors under cell-free conditions (50). One might spec-
ulate that different conformational changes can take place in
the PrPSc pool depending on the nucleic acid/cofactor present,
and the changes can be reflected in the amplification of a spe-
cific prion strain (Fig. 1).

Although no single RNA or DNA molecule has been found to
be associated with PrP infectivity in vivo, recent work provides
strong evidence that small RNA sequences (27- and 55-mers)
associated with brain scrapie material can trigger the conver-
sion of the recombinant protein to a disease-causing form when
incubated with recombinant PrPC (45). Although not all prep-
arations induced prion-like disease in recipient mice, these
results indicate that a sustained RNA population is present in
scrapie-associated fibrils, in partial disagreement with the pro-
tein-only hypothesis (27). Recently, when two different prion
strains were treated with a detergent-resistant nuclease, a sig-
nificant reduction in the prion infectivity toward hypothalamic
neuronal GT1 cells was observed (51). All these data indicate
that nucleic acids (and other polyanions) are good candidates
for catalysts of the formation of PrPSc in vivo (Fig. 1).

FIGURE 1. Free energy diagram representing the role of polyanions in the
conversion reaction from PrPC to PrPSc. DNA, RNA, phospholipid (PL), and
glycosaminoglycan (GAG) molecules may bind PrPC and lower the energy
barrier that prevents its conversion to the pathogenic, misfolded form, PrPSc.
PrPC binding to different cofactor molecules may change the efficiency of the
conversion to PrPSc and/or result in the generation of PrPSc with varying con-
formations (i.e. prion strains, depending on the nature of the cofactor). Mod-
ified from Refs. 5 and 18.
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The binding of PrP to polyanions has also been explored for
the development of anti-scrapie therapeutics. Modified nucleic
acids, such as thioaptameric DNAs (small sequences), have
been shown to inhibit prion conversion (52, 53). Glycosamino-
glycans have been investigated as candidates for treating
prion and prion-like diseases (54). Recent studies have demon-
strated that the interaction of low-molecular-weight heparin
(LMWHep) with the PrP protein affects the extent of PrP fibril-
lization and its kinetics (55, 56). The protective effects of low-
molecular-weight heparin provide the groundwork for the
development of therapeutic strategies based on glycosamino-
glycans against prion and prion-like diseases.

Binding of Nucleic Acids to Other Proteins Involved in
Prion-like Diseases

In the previous section, we discussed the ability of PrP to bind
nucleic acids and other polyanions. In fact, most prion-like pro-
teins do bind nucleic acids, but to different extents (18, 57).
Along with nucleic acid binding, the proteins discussed below
share other common characteristics with PrP.

It was recently demonstrated that A�, �-synuclein, and tau
protein have strain-like properties. Thus, they can exist in dif-
ferent conformations that have different seeding properties and
different levels of neurotoxicity and could contribute to the
heterogeneity of neurodegenerative diseases (4, 58 – 60). There
are several in vivo and in vitro studies that show the prion-like
propagation of �-synuclein in Parkinson disease (PD), indicat-
ing that this protein can seed its own aggregation and transmis-
sion from cell to cell and likely between individuals (4). �-Sy-
nuclein has been found to bind both double-stranded and
single-stranded DNA, which can then either trigger or prevent
�-synuclein fibrillation (61, 62). This information, along with
the fact that �-synuclein can localize to the nucleus, supports
the role of nucleic acids in the function of �-synuclein and
in the pathogenesis of PD. Recently, Prusiner et al. (3) reported
that multiple system atrophy can be caused by a prion version
of the �-synuclein protein. In contrast, brain extracts from
patients with Parkinson disease could not transmit the disease
to engineered cells or mice (3), which supports the possibility of
different strains or dependence on a cofactor to explain the
difference in behavior between multiple system atrophy and
PD.

Tau protein also has prion-like properties, and its propaga-
tion in human tissues and in cell and animal models has been
described (4, 63, 64). Another prion-like feature of tau is that it
can bind dsDNA and RNA with no apparent sequence specific-
ity (18, 65). Both A� and huntingtin were reported to directly
interact with DNA, and this interaction changes the nucleic
acid conformation (66, 67).

In particular, several proteins containing RNA recognition
motifs (RRM) are involved in neurodegenerative diseases, such
as ALS and frontotemporal lobar degeneration (FTLD) (68).
These proteins have a modular structure that contains, in addi-
tion to the RRM, a prion-like domain (PrLD) that essentially
consists of an intrinsically disordered region (IDR), also
referred to as a low-complexity domain (LCD) (69). Just
recently, we started to learn about the three-dimensional struc-
ture of these proteins. Because the intact protein does not form

crystals, NMR is usually employed to obtain site-specific struc-
tural information.

Most of the information about these proteins containing
RRMs and PrLDs was obtained because of their involvement in
human pathologies, especially neurodegenerative diseases such
as ALS, FTLD, Huntington disease, and tauopathies (68, 70).
Proteins such as FUS, TDP-43, ataxin2, and hnRNPA1 have
clear RRM and IDR segments (Fig. 2). Recently, several of these
proteins were found to participate in non-membranous assem-
blies, such as those found in nuclear bodies (nucleoli, Cajal bod-
ies, promyelocytic leukemia bodies, and speckles), as well as
processing P bodies and stress granules in the cytoplasm (68,
71). Toretsky and Wright (70) coined the term “assemblages”
for these structures, and their principal constituent proteins
contain IDRs. The formation of these structures occurs by
means of liquid-liquid phase separation, and RNA molecules
appear to have a crucial role. Like the characters in Robert Louis
Stevenson’s The Strange Case of Dr Jekyll and Mr. Hyde, the
association of these proteins and RNA in liquid droplets can
transform one of the components from “good” to “evil” and
result in fibrillogenesis and devastating diseases (Fig. 2). We
know little about these molecular Jekyll and Hyde partners, and
it is urgent to investigate these associations as we search for
preventive and therapeutic strategies to combat neurodegen-
erative diseases.

Several recent studies have provided strong evidence that
RNA regulates the biophysical properties of the liquid droplets
formed by prion-like proteins containing RRM and LCD (72,
73). Using Whi3, a fungal protein that has an RRM and an IDR,
Zhang et al. (72) showed that different mRNAs result in drop-
lets with dissimilar characteristics. Their work also suggested
that RNA prevents fibrillogenesis. In the case of FUS and
hnRNPA1, which are involved in neurodegenerative diseases
such as ALS, FTLD, and multisystem proteinopathy, both RNA
and mutations in these proteins affect the transition into path-
ological aggregates (73–75).

Patel et al. (74) demonstrated that FUS forms liquid com-
partments at sites of DNA damage and cytoplasmic stress. The
droplets were found to convert from a liquid to an aggregated
state during aging (74). In this context, mutations in FUS could
accelerate its conversion into amyloid-like structures (75). In
this latter study, the authors showed that physiological liquid
droplets and hydrogel-like structures can turn into insoluble
fibrillar hydrogels (unlike conventional amyloids) when FUS is
mutated (75). How different RNA sequences might affect the
conversion needs to be further explored. In addition to RNA,
FUS binds the polyanion poly ADP-ribose, which boosts the
formation of liquid droplets, especially at the sites that require
DNA repair (74).

Taking into account that several of these proteins can local-
ize to the nucleus (functionally or abnormally), bind nucleic
acids and other polyanions, and have intrinsically unfolded,
prion-like or low-complexity domains, one can speculate that
liquid droplet formation occurs in vivo, under either physiolog-
ical or pathological conditions (Fig. 2). As represented in Fig. 2,
nuclear proteins such as TDP-43 and FUS would go to the cyto-
plasm associating with stress granules (SGs). An imbalance in
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the nuclear-cytoplasmic shuttling of these proteins would lead
into increased formation of SGs at pathological conditions (77).

Prion-like Conversion Is a Physiological Process
Involving Nucleic Acid Binding

As pointed out above, many macromolecular assemblies
lacking membrane envelopes have been described at the molec-
ular level as involving protein-protein and protein-nucleic acid
interactions. The disordered regions of RNA-binding proteins

can undergo phase separation, resulting in liquid droplets (73).
The structure inside these droplets converts into amyloid-like
fibrils. It is likely that the tendency to form amyloid-like struc-
tures was a requirement for protein in RNP granules and was
under evolutionary pressure. We anticipate that we are starting
to open a Pandora’s box of information concerning the cells
that encase physiological assemblages, which are crucial to cell
function, and the culprit structures related to several diseases
(Fig. 2).

FIGURE 2. Cellular representation of functional (blue, right) and misfunctional (red, left) interactions of proteins involved in neurodegenerative
disorders with nucleic acids. Three RNA-binding proteins were selected as examples: PrP, FUS/TLS, and TDP-43. FUS/TLS and TDP-43 have RRMs and
glycine-rich, prion-like domains. Both FUS-TLS and TDP-43 are found to be functional in the nucleus, where they bind RNA and can associate to form stress
granules with RNA and other proteins (physiological stress response). Mutations in TDP-43 and FUS/TLS can cause ALS and FTLD that relate to dysfunction or
dysregulation of neuronal RNA granules and SGs in the cytoplasm. It is hypothesized that the prolonged presence of aggregated TDP-43 (mutation, aging) in
the cytoplasm contributes to degeneration by interfering with mRNA homeostasis (pathological stress granules). Besides, both native and mutant FUS/TLS can
form reversible (blue, right) and irreversible (red, left) hydrogels, respectively, that trap RNA-binding proteins and RNA. PrP is in general found anchored to the
cell membrane (upper right side), but it also interacts with nucleic acids (both DNA and RNA) with a yet unknown function. It aggregates upon interaction with
RNA, and these aggregates can be toxic to cells. RGG, Arg-Gly-Gly repeat.
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In parallel to the findings related to proteins involved in dis-
eases, there have been several studies that describe “functional”
amyloids, such as the CPEB family of proteins, which is involved
in long-term memory in Aplysia and mammals, and the Rim4
protein, which is involved in gametogenesis. These proteins
share the properties of amyloid aggregation and RNA binding,
and they also act as translational effectors. One of the main
differences between functional and pathological amyloids may
be the prompt reversibility of the functional prions.

CPEB was first described to have prion-like behavior in the
marine snail Aplysia (7). The persistence of long-term memory
and synaptic plasticity are regulated by a transition from the
soluble to the aggregated state. CPEB and the Drosophila ho-
molog Orb2 act as translation regulators. In the soluble state,
their binding represses the translation of mRNA. Upon signal-
ing, the protein aggregates; this results in the polyadenylation of
target RNAs, which leads to the translation into proteins
involved in synaptic plasticity and memory storage (7, 76).
Recently, Kandel and co-workers (77) demonstrated that the
prion-like mechanism also operates in mammals. They pro-
vided strong evidence that CPEB3 aggregation is a crucial medi-
ator of consolidation and the persistence of memory in mice.
Other important factors that help to keep the protein soluble,
such as SUMOylation, also participate (78). Upon neuronal
stimulation, CPEB3 is deSUMOylated and undergoes
aggregation.

More recently, Si and co-workers (79) observed that mono-
mers of Drosophila Orb2 repress translation and remove the
mRNA poly(a) tails, whereas the amyloid-like oligomeric form
activates translation, elongates the poly(A) tails, and converts
the monomers. In another study, they found that Orb2 aggre-
gation is similar to the aggregation of other proteins related to
diseases (80). For example, they found the formation of toxic
amyloid oligomers. The main difference is that the toxic inter-
mediates of Orb2 are transient. Interestingly, an anti-amyloido-
genic peptide interferes with long-term memory in Drosophila.
Thus, the division between bad and good amyloids might be
more subtle than previously thought (Fig. 2).

Another remarkable recent example of a “Dr. Jekyll” amyloid
is Rim4. The prion-like aggregate of Rim4 acts as a translation
repressor regulating gametogenesis in yeast (25) in a similar
way to CPEB. In a beautifully controlled process, when Rim4
adopts the aggregated state, translation is repressed, and the
degradation of Rim4 amyloid aggregates during meiosis II
releases this repression. Starvation leads to the conversion of
monomeric Rim4 into amyloid-like aggregates, which represses
translation. Rim4 amyloid aggregates are dissociated at the
onset of meiosis II, resulting in translation. This amyloid-like
aggregation of Rim4 during gametogenesis is conserved (25).

Prion-like Aggregation of Tumor Suppressors in Cancer

“Mr. Hyde” amyloids are also involved in other diseases in
addition to neurodegeneration. The most intriguing example is
the amyloid-like aggregation of the tumor suppressor p53, a
DNA-binding protein (6). p53 mutations are the most common
mutations in cancers and occur in more than 50% of all tumors,
most of them in the DNA-binding domain of the protein (81).
p53, a tetrameric protein, is the main controller of cell homeo-

stasis and DNA stability. p53 works as a transcription factor,
binding to specific sequences and inducing the transcription of
genes involved in cell cycle control, apoptosis, and senescence,
among other processes (81). The p53 mutations cause a signif-
icant decrease in structural stability and/or modify transcrip-
tional activity (82). In addition to the loss of function caused by
mutations, gain-of-function effects, such as increased migra-
tion, invasion, and metastasis, are also observed (81). Another
important feature related to p53 mutations is the dominant-
negative effect exerted by mutant p53 on wild-type p53, which
originates from different alleles in the same cell (83). Our group
has previously demonstrated that this phenomenon appears to
be related to a prion-like effect exerted by mutp53 on WT p53
(22, 23, 84, 85).

The groundwork for the dominant-negative effect caused by
the mutation is that amyloid-like mutant p53 converts WT p53
into a more aggregated species (Fig. 3). The co-aggregation of
mutant p53 with other proteins may also lead to the gain-of-
function phenotype. Mutant p53 aggregation appears to occur
with its paralogs p63 and p73 (6, 24, 86). Amyloid aggregates of
mutant p53 have been discovered in breast cancer (23, 84),
malignant skin tumors (87), and ovarian cancer (88). Although
the three functional domains of p53 have the potential to form
amyloid-like aggregates (22, 89, 90), the DNA-binding domain
has the highest tendency to form amyloid oligomers and fibrils.

Whether the prion-like effects of mutant p53 could be
extended to other cells is another open question. A recent study
showed that aggregates of p53C are internalized by cells and
result in co-aggregation with the endogenous p53 protein (91).
The prion-like behavior of oncogenic p53 mutants provides an
explanation for its dominant-negative and gain-of-function
properties, including the potential to cause metastasis. The
blockage of p53 aggregation into oligomeric and fibrillar amy-
loids has been considered a promising target for therapeutic
intervention in cancer (6, 23, 88, 92). In silico analyses corrob-
orate the experimental data that p53 and its paralogous pro-
teins (p63 and p73) have several hot spots for aggregation, sim-
ilar to PrP and other proteins involved in prion-like diseases
(85). Intriguingly, p63 and p73 have a lower propensity than p53
to aggregate when tested in vitro (86).

Another piece of evidence for the possibility of spreading of
the misfolded conformation from one cell to another is the fact
that different aggregates of p53 are toxic to different cell lines
(22, 23, 87). Toxicity is typical of amyloid oligomers. As dis-
cussed above for Orb2, the toxic effect might depend on the
kinetics of the formation of the intermediate and its evolution
into fibrils (80). The toxicity of mutant p53 oligomers would not
kill the cell (similar to Orb2) but would perturb protein home-
ostasis, likely resulting in the release of misfolded proteins,
which could interact with proteins from different compart-
ments in the cell or even move into other cells in the tissue. The
hypothesis of cell-to-cell transmission of mutant p53 oligomers
still demands additional experimental evidence.

Gain-of-function p53 Mutants and Anti-amyloid
Therapeutic Intervention

In addition to providing an explanation for the dominant-
negative effect, the prion-like behavior of oncogenic p53
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mutants may explain the gain-of-function properties of several
mutations (6, 23). Different types of mechanisms operate in the
gain-of-function activity of p53 mutants (81). The prion-like
aggregation of mutant p53 with WT p53, p63, p73, and other
transcription factors is likely the most important one (6, 24).
The co-localization of p53 with small amyloid oligomers in
breast cancer tissues (23, 84) and in basal cell carcinoma (87)
underpins the prion-like aggregation hypothesis for the gain of
function of some p53 mutants.

Quite intriguingly, p53 aggregation in tumor cells, such as
those in breast cancer, appears predominantly in the form of
amyloid oligomers (23, 84). In neurodegenerative diseases,
there is evidence that oligomers affect cellular homeostasis
more than fibrils (93). The cell likely has mechanisms to atten-
uate the toxic effect of misfolded oligomers. However, it seems
that with age, the oligomers win the battle, causing cellular
death and spreading to other cells in a prion-like fashion. In
cancer, mutant p53 oligomers could confer this “Dr. Jekyll and
Mr. Hyde” effect to the cell: the oligomers would kill some cells
but would guarantee the immortality of the surviving cells with
the loss of tumor suppression.

The amyloid aggregation of mutant p53 has emerged as a
new therapeutic treatment for cancer (6). The blockage of cell
proliferation due to a dominant-negative effect or a gain of
function caused by the prion-like behavior of mutant p53
appears to be a novel target (Fig. 3). Most therapeutic strategies
have focused on identifying small molecules that can reactivate
mutant p53. For example, PRIMA-1 is converted to compounds
that form adducts with the thiols in mutant p53, inducing apo-
ptosis in tumor cells (94). PRIMA-1 has shown positive results
in stage-I/II clinical trials (95). We have recently found that the

main molecular mechanism of PRIMA-1 is to inhibit the prion-
like aggregation of mutant p53 (96). In the case of the Y220C
p53 mutant, compounds that bind to the cavity where the
mutation is located are good candidates for blocking aggrega-
tion (97). A protein assembly modulator (CLR01) was recently
demonstrated to induce the rapid formation of p53 aggregates
of intermediate sizes and inhibit additional p53 aggregation,
decreasing the cytotoxicity of the amyloid aggregates (98).

Another potential therapeutic strategy is the use of aptam-
eric nucleic acids to prevent aggregation and prion-like conver-
sion (92). Our group showed that small, cognate double-
stranded DNA stabilizes both the p53 DNA binding domain
and the full-length p53, preventing amyloid formation (Fig. 3).
Therefore, such DNA sequences might be useful as part of a
new approach to cancer therapy (92).

The design of specific peptides to interact with the protein
segment, which has a propensity to aggregate, is another strat-
egy that has been explored by Eisenberg and co-workers (88).
They developed a peptide (ReACp53) that binds to the amy-
loidogenic domain of mutant p53, preventing its amyloid aggre-
gation. The peptide was able to rescue p53 function in high-
grade serous ovarian carcinomas with p53 mutations. Fig. 3
summarizes the different strategies that can be used to prevent
the aggregation of p53 and promote important anti-tumoral
effects.

Conclusions and Perspectives

We are witnessing a paradigm shift in the protein folding
field. Proteins that were long believed to function in solution
appear to acquire different states: soluble, amyloid precursor
oligomers, liquid droplets, hydrogels, and fibrils. We know little

FIGURE 3. Free energy landscape showing native, misfolded, amyloid oligomers and fibrils of p53 along the folding funnel. Aggregation of mutant p53
is an important therapeutic target. Researchers have been trying to use peptides, aptameric nucleic acids, and small molecules (SMs) to prevent the formation
of aggregates, responsible for the dominant-negative effects and gain-of-function effects of mutant p53. Modified from Refs. 5 and 6.
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about the structures that occur between the soluble and fibrillar
states, especially oligomers. It is generally believed that oligo-
mers are the villains in toxic gain-of-function mutations in neu-
rodegenerative diseases. In their functional states, similar mul-
timeric structures are now thought of as “good” amyloids (Dr.
Jekyll forms), such as the CPEB family of proteins and Rim4.
The distinction between good and evil might be more subtle,
and nucleic acids are key players in the conversion between the
two forms. It is quite likely that the nature of the interaction
between a given nucleic acid and an amyloid precursor will
determine the final outcome. The appropriate liquid-liquid
phase separation inside the nucleus and the cytoplasm is the key
to maintaining homeostasis in the cell. The deterioration of
several regulatory processes occurs during aging and eventually
ensues in most of the neurodegenerative diseases. However, it is
likely present in other situations as well, such as chronic trau-
matic encephalopathy, which is caused by severe shock to the
head and is often found in players of American football and
other sports (ice hockey, boxing, etc.) (99).

In the case of cancer, p53 aggregation appears to sustain the
proliferative nature of tumors (6), whereas aggregation in neu-
rodegenerative diseases leads to cell death, although the pro-
teins appear to share the same mechanisms for prion-like con-
version. Interestingly, a recent study demonstrated that p53
gain-of-function mutants bind to chromatin regulatory genes
by interacting with the transcription factor ETS2, resulting in
histone methylation and acetylation (100). Likely, this occurs by
formation of heteroligomers containing mutp53 and ETS2 with
altered DNA binding activity.

In conclusion, the prions and prion-like proteins have a Jekyll
and Hyde behavior that is highly dependent on the interaction
with cellular partners, especially with nucleic acids
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Many protein folding diseases are intimately associated with
accumulation of amyloid aggregates. The amyloid materials
formed by different proteins/peptides share many structural
similarities, despite sometimes large amino acid sequence dif-
ferences. Some amyloid diseases constitute risk factors for oth-
ers, and the progression of one amyloid disease may affect the
progression of another. These connections are arguably related
to amyloid aggregates of one protein being able to directly
nucleate amyloid formation of another, different protein: the
amyloid cross-interaction. Here, we discuss such cross-interac-
tions between the Alzheimer disease amyloid-� (A�) peptide
and other amyloid proteins in the context of what is known from
in vitro and in vivo experiments, and of what might be learned
from clinical studies. The aim is to clarify potential molecular
associations between different amyloid diseases. We argue that
the amyloid cascade hypothesis in Alzheimer disease should be
expanded to include cross-interactions between A� and other
amyloid proteins.

Alzheimer disease (AD)3 is the most common form of elderly
dementia. Its causes have not yet been clearly elucidated. The
two classical AD lesions are depositions of intracellular neuro-
fibrillary tau tangles and extracellular deposits of aggregated
amyloid-� (A�) peptides in amyloid plaques in the gray matter
of the brain, mainly the hippocampus and neocortex. A� is a
36 – 43-residue peptide cleaved from the amyloid-� protein
precursor (A�PP) by �-secretase and �-secretase enzymes.

Some A�PP and A� mutations increase A� production and
deposition and/or extend the half-life of A� in the brain, but
only a fraction (5%) of Alzheimer disease is familial AD (1).
Several studies indicate that alterations of the pathologies of
other amyloid proteins such as �-synuclein (2) and tau (3) are
observed in familial AD.

The amyloid cascade hypothesis suggests that deposition of
A� aggregates in brain plays a vital role in AD development (4).
The amyloid form of A� aggregates is generally defined by in
vitro observations: originally by the so-called cross-� x-ray
diffraction pattern or by observation of fibril structures in
microscopy (transmission electron microscopy or atomic force
microscopy) (5). Molecular probes recognizing the formation
of certain ordered molecular structures include Congo red and
thioflavin T, which change their optical properties when bound
to amyloid material (5). The terms “on-pathway” and “off-path-
way” intermediates are used to differentiate between self-aggre-
gated A� species that lead to amyloid formation and those that
do not. Missense mutations in the A�PP, apoE, PS1, and PS2
genes can increase accumulation and toxicity of A� aggregates,
and the “on-pathway” intermediate aggregates seem to be the
most cell-damaging species (6). This provides strong support
for the amyloid cascade hypothesis, which nevertheless
remains disputed.

Although two recent reviews (7, 8) respectively reject and
support the amyloid cascade hypothesis, they both agree on one
point: although AD progression is tightly connected to A�
aggregation, several other factors likely contribute to the devel-
opment of AD. Such factors include lysosomal dysfunction, loss
of Ca2� homeostasis, neuroinflammation, progressive oxida-
tive damage, and problems in glucose metabolism. The patho-
logical AD characteristics, i.e. loss of neurons and formation of
A� plaques and tau tangles, are complex processes linked by
multiple interconnected events that cannot be adequately
explained by a single hypothesis.

The aggregates of different amyloid proteins/peptides share
many structural similarities. Despite different clinical symp-
toms, the amyloid-cross-� interaction motif of amyloid pro-
teins appears in several distinct pathologies. The monomers of
A� and other amyloid proteins have highly flexible and disor-
dered structures, which provide excellent templates for pro-
miscuous interactions with each other in vivo. This may
explain, in part, why interactions between different amyloid
proteins seem to alter the progression of various amyloid dis-
eases. In addition to direct molecular interactions, two amy-
loid-prone partners may interact with a third entity, thereby
interfering with each other’s primary effects. This hypothetical
third entity could be a membrane receptor, another protein, or
even a metal ion. Alternatively, certain amyloid-prone proteins
may compete for the same proteolytic systems, or even have
them in the proteolytic process, thus enhancing the concentra-
tion and amyloid-forming propensity of others (9).

Here we discuss a series of amyloid proteins as possible mod-
ulators of A� peptide behavior in vitro and in vivo, as well as
potential clinical consequences (Fig. 1). Table 1 shows how self-
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aggregation of various proteins has been linked to certain amy-
loidal diseases. We suggest mutual molecular mechanisms
between AD and these other diseases. We argue that the amy-
loid cascade hypothesis in AD remains valid, but should be
expanded to also involve cross-interactions between A� and
other amyloid proteins.

Amyloid Proteins Displaying Cross-interaction with A�

Prion Protein (PrP)

The prion protein (PrP) is 208 residues long and mainly
expressed in nerve cells. When misfolded, PrP acts as an infec-
tious agent (prion) inducing transmissible spongiform enceph-
alopathies, such as mad cow disease. Prions also can infect the
human brain and induce misfolding of other proteins into the
prion form. Accumulation of prion structures leads to fatal dis-
ease, such as Creutzfeldt-Jakob disease in humans.

PrP seems to affect the biological activity of A�42 through
direct interactions, and aggregated forms of human PrP and
A�42 have been co-purified from AD brain material (10). Cel-
lular PrP has been identified as a high-affinity receptor for A�
oligomers. Several in vitro studies have shown mediation of
A�-induced synaptic dysfunction via prion proteins. By bind-
ing A� oligomers to the cell surface, PrP reduces the produc-
tion of A� from A�PP by down-regulating the activity of
�-secretase BACE1 (11). PrP recognizes only soluble A� oligo-
mers, and the binding depends on the integrity of the lipid rafts
and LPR1 (the transmembrane low density lipoprotein recep-
tor-related protein-1) (11). Single-molecule imaging of small
oligomeric forms of A�42 interacting with cellular PrP on neu-
ronal cell surfaces was recently reported, where soluble PrP
suppressed A�42 fibrillation and protected cells against A� oli-
gomer toxicity (12). The N-terminal PrP domain fragment,
with its positively charged residues 23–31 and 95–105, strongly
binds A� oligomeric intermediates and in cultured murine hip-
pocampal neurons strongly mitigates A� toxicity (13).

Conversely, A�42 affects PrP biological activity because
prion binding and prion-dependent inhibition of long-term
potentiation are regulated by the presence of A� protofibrils.
These aggregates have a linear structure, stronger binding

FIGURE 1. A cross-amyloid network for the A� peptide. Red lines: amyloid
proteins that enhance the risk of AD in mice models or in vivo. Green lines:
amyloid proteins that decrease the progression of AD in mice models. Blue
circles: amyloid proteins that promote A� fibrillation in vitro. Green circles:
amyloid proteins that suppress A� fibrillation in vitro. Gray circles and lines:
unknown. The details of the interactions on which the connections are based
are discussed in the article for each protein.
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affinity toward PrP, and a stronger inhibitory effect on long-
term potentiation than non-fibrillar A� oligomers (14).

The presence of PrP enhances A� accumulation, and vice
versa (15). Thus, in transgenic mice, the two proteins mutually
accelerate the progression of both pathologies (16). In AD
transgenic mice, the onset of prion disease symptoms devel-
oped at a rate proportional to the A� brain levels (16). For
humans, significant levels of A� deposition, similar to those
found in AD patients, were seen in the brains of relatively young
individuals who had died from Creutzfeldt-Jakob disease (17).
In cellular form, however, PrP may inhibit A� production, and
one study found 53% reduction of PrP in the hippocampus of
aging sporadic AD patients (18), suggesting that PrP reduction
may increase AD incidence in older people.

�-Synuclein

Aggregation of the 140-residue neuronal �-synuclein protein
(�-syn) into Lewy bodies (LB) induces Parkinson disease (PD).
The presence of Lewy bodies also accelerates cognitive dys-
function in AD patients, and up to 50% of AD cases exhibit
significant LB pathology in addition to A� plaques and tau tan-
gles (19, 20).

A�40/42 and �-syn appear to strongly interact and mutually
promote each other’s oligomerization in vitro. The addition of
�-syn induces a global structural change in A�42/40, whereas
�-syn seems to have a specific binding pocket for A� interac-
tion (21). A� directly interacts with �-syn to form cationic
nanopore oligomers embedded in the cell membrane (22). A�
and �-syn cross-seeding fibrillation effects suggest that the
aggregation pathways of both molecules can be significantly
stimulated by the presence of fibrils of either molecule.
Although non-fibrillar oligomers may also stimulate aggrega-
tion, they were less effective (23). Thus, synergistic cross-amy-
loid interactions of monomeric/oligomeric/fibrillar A� and
�-syn may promote protein aggregation and contribute to both
PD and AD progression.

In transgenic mice, A� enhances �-syn accumulation and
neuronal damage (24). In DLB (dementia with Lewy bod-
ies)-AD mice, a dramatic increase of amyloidal A�42 was
observed (19). AD patients with this Lewy body variant have a
lower survival rate and more pronounced cognitive dysfunction
than pure AD patients (25). For PD patients, accumulation of
A� aggregates produces aggressive PD with dementia (26).
�-syn may also promote A�-related tau inclusion in neurons
and in vivo (27). A� and �-syn therefore appear to synergisti-
cally accelerate cognitive decline in AD and PD.

Tau

The tau proteins, a family of 352– 441-residue microtubule
stabilizers, are abundant in the central nervous system. The
presence of neurofibrillary tau tangles is a characteristic AD
histopathology. Tau and A� interactions appear to mutually
influence the aggregation and toxicity of both molecules, as well
as the progression of synaptic dysfunction in AD. Three mech-
anisms were proposed (28): A� drives tau pathology or tau
modulates A� toxicity, or synergistic toxicity exists between A�
and tau.

The A� C terminus can bind multiple tau domains and sub-
sequently form soluble A�-tau complexes in vitro (29). Such
intracellular A�/tau complexes could conceivably accelerate
tau hyperphosphorylation and A� nucleation. Extracellular
fibrillar and oligomeric A� peptides seem to promote tau
hyperphosphorylation, thereby inducing loss of tau’s microtu-
bule binding activity, leading to neural dysfunction and degen-
eration (30). Similarly, A� aggregation induces tau hyper-
phosphorylation in A�PP transgenic mice (31). Injection of
extracellular A� fibrils into tau transgenic mice accelerates the
tau tangle pathology (32). However, no aggressive A� plaque
pathology has been observed either in tau transgenic mice or in
cross offspring of tau transgenic mice and A�PP transgenic
mice (33). In conclusion, A�/tau amyloid cross-interactions
likely contribute to the synaptic dysfunction involved in AD.

Lysozyme

Human lysozyme is a 148-residue glycoside hydrolase, func-
tioning as an antibacterial agent mainly in blood (34). Lysozyme
is also present in CSF, where substantially increased levels have
been reported during various disease conditions, especially
inflammation, including the inflammatory reactions triggered
in the AD brain. AD patients display increased CSF lysozyme
levels, and A�-lysozyme complexes have been found in AD
plaques (35). Because of its capacity to self-assemble, lysozyme
is often used as a model to study protein stability, folding, and
aggregation.

We have found that human lysozyme prevents A� aggrega-
tion at a 1:1 ratio in vitro. CD and NMR spectroscopy showed
that lysozyme does not affect the random coil structure of
monomeric A�, whereas theoretical simulations indicated that
human lysozyme stabilizes the A� N terminus and interacts
with the C terminus via a hydrophobic surface (36). As an amy-
loidal protein, lysozyme can modulate the A� conformation
and fibrillation, which may in part explain the physiological
association between AD and inflammation.

Insulin

Insulin is a 51-residue peptide hormone primarily involved in
glucose regulation. It also modulates numerous brain func-
tions. A positive effect of insulin has been found on cognitive
performance in AD, although treatment with insulin may
increase the risk of AD among diabetes mellitus patients.

In vivo, insulin regulates the activity of hyperphosphorylated
tau in the formation of AD neurofibrillary tangles (37). Insulin
also affects A� production and degradation (37), and increases
A� extracellular levels via regulation of �-secretase activity (38)
and via release of intra-neuronal �-amyloid (39). Insulin inhib-
its A� degradation by blocking the activity of the insulin-de-
grading enzyme, which also degrades A� in neuronal and
microglial cell cultures (40). Insulin has been reported to facil-
itate hepatic cleavage of plasma A� by intracellular transloca-
tion of the lipoprotein receptor to the plasma membrane (41).

Conversely, A� regulates the function of insulin. A� inhibits
the effect of insulin on the secretion of A�PP, competes with
insulin for binding to the insulin receptor, and induces insulin
resistance by regulating the signal transduction of the insulin
receptor (42). The underlying interaction mechanisms between
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insulin and A� remain unknown, although we recently showed
that monomeric insulin interacts with soluble A� in vitro,
inducing the formation of less toxic A� oligomers (43).

IAPP

The islet amyloid polypeptide (IAPP), a 37-amino acid pep-
tide hormone, is cleaved from the pro-islet amyloid polypeptide
and secreted with insulin by pancreatic �-cells into the circula-
tion (44). IAPP has 38% sequence similarity with A� (Fig. 2).
Both peptides can regulate the homeostasis of free Ca2� to con-
trol cell death (45). IAPP amyloidosis is a characteristic feature
of type 2 diabetes (T2D) (46). IAPP in T2D and A� in AD adopt
antiparallel �-sheet secondary structures and associate with the
same cellular components, such as apolipoprotein E (apoE) and
heparin sulfate proteoglycan (47). T2D patients are 1.5 times
more likely to develop AD than control individuals (48). In dia-
betic SAMP8 mice, cerebral A� is increased, tau phosphoryla-
tion is interrupted, and memory deficiencies are observed, indi-
cating AD-like changes (48).

In vitro results show that IAPP fibrils are poor seeds for A�
aggregation (49). However, IAPP binds to prefibrillar A�40 and
blocks the cytotoxicity of A� aggregates. Conversely, A� binds
prefibrillar IAPP, and A� and IAPP aggregates reciprocally reg-
ulate each other’s cytotoxicity (50). IAPP inhibits the cytotox-
icity of A� aggregates at nanomolar concentrations and inhibits
A� fibrillation at stoichiometric ratios (51). Several small A�
fragments bind to full-length IAPP, some with nanomolar affin-
ity (52). These results agree with the hypothesis that amyloidal
peptides can dissolve amyloid material containing similar
sequence motifs (53).

Thus, although IAPP suppresses A� fibrillation and toxicity
in vitro, there seem to be aggressive effects of IAPP in vivo,
particularly as the molecule induces cleavage of A� from A�PP.

Transthyretin

Transthyretin (TTR) is a 55-kDa protein, secreted by the
liver into the bloodstream and functioning as a serum and CSF
carrier of thyroxine (T4) and the retinol-binding protein.
Aggregation of wild-type TTR causes a sporadic, non-genetic
disease, whereas aggregation of a mutated TTR leads to familial
amyloid cardiomyopathy (54). As for A�, production and dep-
osition of TTR amyloid are age- and mutation-dependent. TTR
is deposited in peripheral nerves and in the heart, but is also
present in the eyes, choroid plexus, and kidney (55).

Expression of TTR in brain regions such as the hippocampus
and cortex has been observed in both wild-type animals and AD
rodent models. During aging, a TTR-null mouse suffers refer-
ence memory deficits, but no other impairments (56). TTR pro-
motes A� clearance, decreases its deposition, and suppresses
cognitive deficits in AD mouse models (57). TTR has therefore
been suggested to generally slow AD progression. TTR
appears to be a major A�-sequestering protein in human CSF,
inhibiting and even reverting the formation of amyloid fibrils,
as well as reducing their toxicity in vitro (58, 59). TTR forms a
complex with A� monomers/dimers, with stronger binding
affinity observed for the more structurally flexible S85A TTR
mutant (60), reinforcing the idea that less structured forms of
amyloid proteins may be more likely to engage in cross-amyloid
interactions.

Apolipoprotein AI

Apolipoprotein AI (apoA-I) is the 396-residue main member
of human high-density lipoproteins, which play an important
role in lipid metabolism. It is present in human CSF and can
also be detected in senile AD plaques (61). ApoA-I can self-
assemble into amyloid fibrils and generate atherosclerotic
plaques (61). ApoA-I directly interacts with A�PP (62), and has
a nanomolar affinity for A�. Upon binding to apoA-I, A� fibril
formation is inhibited and the toxicity of A� aggregates is atten-
uated (62). Polymorphisms of the promoter region of apoA-I
are associated with increased AD risk (63). In an AD mouse
model, overexpression of apoA-I impaired learning and caused
memory deficits (64).

Cystatin C

Cystatin C (CysC) is a 13.3-kDa basic protein abundantly
located and expressed in brain tissue (65). CysC plays a role in
different diseases, from cancer to neurodegenerative disorders
(66). Mutations of CysC can lead to fatal hereditary cystatin C
amyloid angiopathy. CysC counteracts the formation of A� olig-
omers and protofibrils (67) and thereby reduces A� neurotox-
icity (68). A specific high-affinity A�-CysC binding has been
observed in vitro (69), whereas in vivo A�/CysC complexes
have been detected in the human central nervous system (70).
CysC may function as an endogenous inhibitor of cysteine pro-
teases such as cathepsin B (71), which can degrade A� and
thereby lower A� levels in vivo (72). CysC is thus likely indi-
rectly involved in A� regulation. Epidemiologically, a polymor-

FIGURE 2. A probabilistic consistency-based multiple alignment of amyloid protein sequences calculated by the T-coffee web server. Consistencies
range from poor (blue) to good (red). It is clear that both the N termini and the C termini of amyloid proteins display high probabilistic sequence consistency.
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phism in the CysC gene (CST3) has been linked to enhanced
risk for AD (66), and CysC modulates cerebral �-amyloidosis in
A�PP transgenic mice (71).

Serum Amyloid P Component and Fibrinogen

Blood proteins such as serum amyloid P component (SAP)
and fibrinogen are found in human amyloid deposits. SAP is a
25-kDa pentameric plasma glycoprotein that generally binds to
amyloid fibrils, including those formed from aggregated A�.
Recent studies show that SAP accelerates the formation and
enhances the proteolytic stability of A�42 fibrils (73). In vivo,
human amyloid deposits often contain SAP together with a pri-
mary amyloid component such as A� (74). SAP may be removed
from blood and/or CSF by pharmaceutical intervention. It has
been suggested that such removal might be beneficial to AD
patients (75).

The 340-kDa clotting precursor fibrinogen is present only in
blood plasma but not in serum. Fibrinogen-A� interactions
have been shown to induce oligomerization of fibrinogen and
fibrillation of the A� peptide (76). Abnormal depositions
of fibrinogen have been found in AD patients. Similar to SAP,
fibrinogen modulates A� deposition and fibrillation, and also
further affects neurodegeneration (76).

Other Amyloid Proteins

For several other amyloid proteins associated with A�, the
types of interaction and their effects are less known. The levels
of galectin-3, associated with idiopathic pulmonary fibrosis, are
increased in the serum of AD patients. In vitro galectin-3 has
been found to reduce the neurotoxicity of A�42 (76). The levels
of lactadherin, playing a vital role in phagocytosis, are
decreased in AD patients (77). Lactadherin amyloid, a deposit
known as medin that is localized in aortic medium, occurs in
virtually all individuals older than 60 years. The huntingtin-
associated protein 1 modulates the A�PP subcellular traffick-
ing pathway, thus negatively regulating A� production in neu-
rons (78). Loss of superoxide dismutase (SOD) increases
production of A� in neurons and SHSY5Y cells, an effect
caused by enhanced A�PP processing by the �-site A�PP-
cleaving enzyme (79), whereas earlier studies have shown that
overexpression of superoxide dismutase reduces A� neurotox-
icity (80). Another question is whether non-toxic aggregating
proteins such as �-lactoglobulin in milk could interact with and
promote toxic amyloid formation.

The Co-factors and Loci of Cross-amyloid Interaction

Various metal ions are known to bind A� and interfere with its
aggregation process (15, 81). Recent work has shown that multiple
amyloid protein molecules may share coordination of a single
metal ion, promoting protein aggregation and possibly also cross-
interactions (82). Cross-amyloid interactions may also be modu-
lated by other clusters involving, for example, small charged mol-
ecules. Polyamines modulate the conformation, fibrillation, and
toxicity of A�, �-syn, and IAPP in vitro (83, 84).

We recently found that certain non-chaperone proteins such
as lysozyme and catalase prevent A� fibrillation and toxicity
(36, 85). These enzymes could act according to the model of
molecular crowding in vivo to regulate cross-amyloid effects

(86). Proteostasis capacities (referring to protein quality control
in vivo) are decreased in neurodegenerative amyloidoses (87).
Increased A� production could overload the proteostasis sys-
tem, leading to aggregation of various other amyloid proteins.
These entirely indirect effects of cross-amyloid interactions
may explain, at least in part, the association of different amy-
loidoses. We propose that the direct and indirect effects dis-
cussed here are likely to be complementary to each other in
cross-amyloid interactions.

Cell membranes are obvious location candidates for cross-
amyloid interactions, given their hydrophobic interiors and the
large proportion of hydrophobic residues in amyloid protein
sequences. Most amyloid proteins travel between different cel-
lular compartments and tissues, and the membrane boundaries
would be natural places for these proteins to accumulate and/or
interact. Lipid membranes are known to influence the struc-
ture, aggregation, cell permeability, and toxicity of amyloid pro-
teins. A�, IAPP, and �-syn all adopt more well defined struc-
tures in lipid membranes. Cell membrane damage has been
proposed as a disease mechanism in amyloidosis, and damage
could result from uptake of lipids into amyloid aggregates formed
on or in lipid membranes (88). Amyloid proteins may also form
harmful nanopores in lipid membranes (89). Although �-syn and
tau predominantly appear as intracellular proteins, and A� and
IAPP mainly function as extracellular peptides, all of them can
appear intracellularly as well as extracellularly. Both intracellular
and extracellular amyloid proteins are associated with the pro-
gression of amyloid diseases (90 –92).

Implications of A� Cross-amyloid Interactions

Although the sequences of amyloid proteins vary in length,
all amyloid proteins discussed above can form highly similar
�-cross-amyloid fibrils. In non-aggregated states, most amyloid
proteins exist as random coil structures prone to conforma-
tional changes. Surprisingly, the N- and C-terminal sequences
of amyloid proteins show a high probabilistic consistency (Fig.
2). This is in agreement with, for example, the observed inter-
action between A� oligomers and the PrP N terminus (13). We
here propose that the N and C termini of many amyloid pro-
teins can initialize cross-amyloid interactions.

Cross-amyloid interactions could be driven by hydrophobic
associations, as the presence of hydrophobic amino acids is
known to yield higher amyloidal propensity (93). Most amyloid
proteins display an abundance of hydrophobic residues, which
could facilitate hydrophobic associations between, for example,
misfolded amyloid proteins and other amyloid proteins with
different sequences. Such associations might interfere with, for
example, the A� self-fibrillation pathway. Our observation of
A� peptides adsorbing on the surfaces of hydrophobic carbon
nanotubes appears to support this hypothesis (94). For A�, the
hydrophobic regions around residues 16 –21 and 29 –35 form
the two legs of the A� hairpin, which is considered to be the
basic unit for A� self-aggregation and co-aggregation with
other molecules (5).

Most amyloid proteins adopt a variable and heterogeneous
conformation in solution, often displaying an extremely flexible
loop structure that allows amyloid proteins to act as promiscu-
ous binding partners for other molecules. For instance, the A�
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N terminus (residues 1–15) interacts with many different small
charged molecules (15, 84). Interaction between two heteroge-
neous amyloid proteins may prevent fibrillation of one of them,
but may also be the precursor of a cross-amyloid interaction.
Initial cross-amyloid protein interactions are most likely lim-
ited by the flexibility/heterogeneity of the proteins involved.
The subsequent rate of co-aggregation may then be governed
by their initial interactions and by hydrophobic associations.

As shown in Fig. 1 and Table 1, the effects of cross-amyloid
interactions between different amyloid proteins may vary sub-
stantially. TTR (59), CysC (67), and apoA-I (62) all suppress A�
fibrillation and delay AD progression in mice (57, 64). In con-
trast, �-syn (23), tau (28), and fibrinogen-� (95) promote A�
toxicity and/or fibrillation and increase the risk of AD in mice
(32) and/or patients (25, 76). IAPP prevents A� fibrillation in
vitro (50), yet IAPP-associated T2D may promote AD progres-
sion in vivo. The different ways amyloid proteins modulate A�
fibrillation may depend on their varying structures and stabili-
ties. Most proteins preventing A� amyloid fibrillation have a
well folded or partially folded monomeric structure (e.g.
lysozyme), whereas amyloid proteins with random or disor-
dered structures are prone to promote A� fibrillation. Many
amyloidal proteins have been reported to protect cells against
the toxicity of A� aggregates. The different roles of the amyloid
proteins affecting fibrillation and toxicity of the A� peptide
could also be regulated by other in vivo factors, such as protein
homeostasis.

Interactions between A� and the RAGE receptor have been
proposed to induce cellular perturbations via oxidative stress
and synaptic dysfunction. Some A�-binding amyloid proteins
have been reported to compete for the RAGE receptor and
inhibit its interaction with A� (96). Interruption of the
A�-RAGE receptor interaction by other amyloid proteins
could affect the cell toxicity of A� and its aggregates.

Other questions concern how, where, and whether cross-
amyloid interactions should be inhibited. Although molecules
such as �-sheet breakers (97) and cyclic peptides (98, 99) have
been devised to prevent amyloid aggregation, traditional anti-
bodies have so far provided the best preliminary treatment
results, at least for AD (100). It is unclear to what extent current
amyloid inhibitors will block the formation of amyloid co-ag-
gregates. As for location, it might turn out to be important to
prevent cross-amyloid interactions in or on lipid membranes A
drastic yet simple way to prevent cross-amyloid interactions is
of course to remove one of the components — cf. the pharma-
cological removal of SAP discussed above.

Cross-interactions between various amyloid proteins con-
cern not only potentially therapeutic interventions against
amyloidosis, but also point at molecular associations between
different diseases. As shown in Table 1, A� can interact with at
least 10 other amyloidal disease proteins. In our opinion, this
supports and expands the amyloid cascade hypothesis as an
underlying cause for AD: cross-amyloid interactions between
A� and other amyloidal proteins may play a critical role in AD
progression, and cross-amyloid interactions might also modu-
late amyloidosis in other diseases.
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Translation regulation largely occurs during initiation, which
features ribosome assembly onto mRNAs and selection of the
translation start site. Short, upstream ORFs (uORFs) located in
the 5�-leader of the mRNA can be selected for translation. Mul-
tiple transcripts associated with stress amelioration are prefer-
entially translated through uORF-mediated mechanisms during
activation of the integrated stress response (ISR) in which phos-
phorylation of the � subunit of eIF2 results in a coincident
global reduction in translation initiation. This review presents
key features of uORFs that serve to optimize translational con-
trol that is essential for regulation of cell fate in response to
environmental stresses.

Multiple genome-wide analyses, including those utilizing
ribosome and polysome profiling and mass spectrometry
approaches, have provided evidence demonstrating that trans-
lation is a major regulator of gene expression (1–5). In addition
to protein coding sequences (CDSs),2 another class of ORFs
suggested to be translated at high frequency consists of short,
upstream ORFs (uORFs) that are located within the 5�-leader of
mRNAs (3– 6). Over 40% of mammalian mRNAs contain
uORFs, illustrating that uORFs are prevalent genome-wide and
can serve as major regulators of translation (5, 7, 8). Approxi-
mation of uORF prevalence has relied upon the use of an AUG
to denote the uORF start codon; however, recent ribosome pro-
filing studies indicate that non-canonical initiation codons (e.g.
CUG, UUG, and GUG) can also serve as competent sites of
translation initiation (3, 4, 6). These findings suggest that the
magnitude of uORF prevalence and the contribution of uORF
translation in the regulation of gene expression have likely been
underestimated.

Typically, uORFs are considered to be inhibitors of down-
stream translation initiation at CDSs. The inhibitory effect of
uORFs is attributed to the fact that in eukaryotes the 43S pre-
initiation complex binds to the 5�-cap structure of the mRNA,
then scans processively 5� to 3� and initiates translation at the
first encountered initiation codon that is in an optimal context
(9). The 43S preinitiation complex is composed of multiple fac-
tors including eIF3, eIF1, eIF1A, the eIF2�GTP�Met-tRNAi

Met

ternary complex, and the small 40S ribosomal subunit (10). Dis-
association of the eIF2 ternary complex and other critical initi-
ation factors during translation of constitutively repressing
uORFs is suggested to be the cause of the low levels of subse-
quent translation reinitiation at downstream coding sequences.

Although uORFs can serve as repressors of CDS translation
in a constitutive manner, there are also examples of uORFs that
serve as dampeners in a controlled fashion or even promote
translation initiation at the CDS in response to environmental
stresses (4, 5, 11). Based on these studies, uORFs can have the
following core properties that are critical for translational con-
trol (Fig. 1). 1) They enhance reinitiation after uORF transla-
tion, allowing for degrees of translation initiation at the down-
stream CDS. For example, translation of short uORFs can allow
for retention of critical initiation factors, such as eIF3, which
facilitate efficient translation reinitiation (12, 13). 2) They dem-
onstrate direct ribosome elongation stalling during translation
of the uORF and, as a consequence, thwart translation at the
downstream CDS. Pauses in elongation can be reliant upon
RNA secondary structure, codon usage bias, or polypeptide
sequences encoded in the uORF, as well as interaction of trans-
acting factors (12, 14 –17). 3) They promote ribosome dissoci-
ation from the mRNA and therefore diminish subsequent CDS
translation. Ribosome dissociation from the mRNA post-uORF
translation can also be regulated by nucleotide sequences or the
polypeptide encoded in the uORF (18 –23). 4) They position
uORFs out-of-frame with CDSs, resulting in ribosome termi-
nation downstream of CDS start codons. Translating ribo-
somes are suggested to only “back up” in a 3� to 5� fashion for a
small number of nucleotides, resulting in low translation of the
CDS (24 –26). 5) They allow for scanning ribosomes to bypass
the uORF either in a largely constitutive fashion or upon induc-
tion of physiological signals. Ribosome bypass is thought to
occur at least in part due to the nucleotide sequences flanking
the initiation codon (9, 18, 27, 28). These uORF properties,
which can be integrated individually or in combination within
mRNAs, help determine the specific mechanism of transla-
tional control of a given gene (Fig. 1). This review highlights the
mechanisms by which uORFs can modulate translation at
CDSs, and the processes by which uORFs with these diverse
properties can be integrated individually or in combination into
mRNAs to facilitate differential regulation of translation.

Translation Regulation during the Integrated Stress
Response

Phosphorylation of eIF2 on its � subunit at serine 51
(eIF2�-P) inhibits the activity of the guanine nucleotide
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exchange factor eIF2B that results in a decrease in the exchange
of GDP for GTP, thus lowering formation of the 43S preinitia-
tion complex that triggers a global reduction in translation ini-
tiation (Fig. 2A) (29 –31). Because eIF2�-P can direct transla-
tional control in response to a range of different environmental
stresses, this pathway is often referred to as the integrated stress
response (ISR) (32). Lowered protein synthesis would allow
cells to conserve nutrients and energy and facilitate reprogram-
ming of gene expression to alleviate stress damage. To aid in
reprogramming of gene expression during eIF2�-P, a subset of
mRNAs is preferentially translated via uORF-mediated mech-
anisms. uORFs are similarly distributed among mRNAs that are
repressed, resistant, or preferentially translated during cellular
stress and eIF2�-P, emphasizing that it is the specific properties
of the uORFs that are critical for their regulatory capabilities in
translation (Fig. 2A) (5). Furthermore, the proper mixing and
matching of these uORF features are critical for uORF-medi-
ated translational control mechanisms that appropriately reg-
ulate gene expression.

Encoded CDS products of mRNAs that are preferentially
translated through uORF-mediated mechanisms play diverse
roles in remediation of cellular stress (Fig. 2B). Included among
the ISR preferentially translated gene transcripts are ATF4
(CREB2), CHOP (DDIT3/GADD153), ATF5, and C/EBP� and
C/EBP� that each encode basic leucine zipper transcription
factors that modify gene expression programs to address cellu-
lar stress (24, 27, 33–37). GADD34 (PPP1R15A) combines with
the catalytic subunit of protein phosphatase 1 (PP1c) to regu-
late dephosphorylation of eIF2�-P and restore protein synthe-
sis (Fig. 2B) (18, 38 – 41). Nutrient transporters SLC35A4 and
CAT1, as well as the bifunctional glutamyl-prolyl tRNA synthe-

tase EPRS, serve to increase available nutrients and prime the
cell for resumption of protein synthesis once cellular stress is
remediated (Fig. 2B) (11, 26). Finally, the cell fate regulator
IBTK� was shown to be subject to preferential translation
through a mechanism involving uORFs (Fig. 2B) (5).

Ribosome Reinitiation in the ISR

The capacity for the ribosome to reinitiate translation down-
stream has been attributed largely to the ability of the scanning
ribosome to retain or reacquire critical initiation factors follow-
ing uORF translation (42). Extended distance between the

FIGURE 1. uORFs regulate downstream CDS translation. uORFs can have
multiple core properties, including promoting ribosome reinitiation after
uORF translation, ribosome elongation stalling while translating the uORF,
ribosome dissociation from the mRNA, ribosome translation of uORFs past
the CDS start codon, or ribosome bypass of the uORF. CDSs are indicated by
the blue bar; positive-acting uORFs are indicated by a green bar; negative-
acting uORFs are indicated by a red bar; and uORFs that have no effect on
downstream translation are indicated by a yellow bar. Scanning and elongat-
ing ribosomes are illustrated by the gray ovals.

FIGURE 2. The integrated stress response features a global reduction in
translation initiation concomitant with the preferential translation of
stress remediation transcripts. A, depiction of polysome profiles as mea-
sured by sucrose gradient analyses of lysates prepared from mouse embry-
onic fibroblast cells that were left untreated (black line) or subjected to the ER
stress inducer thapsigargin (red line). Basal polysome profiles feature distinc-
tive peaks for the 40S and 60S ribosomal subunits and the 80S monosome,
with large peaks observed for heavy polysomes, indicative of high levels of
global translation. Polysome profiles from cells subjected to ER stress feature
decreased heavy polysomes and an elevated 80S monosome peak that is
indicative of inhibition of global translation initiation during eIF2�-P. Those
mRNAs that are preferentially translated during cellular stress are largely
associated with heavy polysomes, whereas those mRNAs that are repressed
during cellular stress are largely associated with 80S monosomes and light
polysomes. The mRNAs that are translated constitutively are associated with
polysomes independent of stress. B, depiction of the preferentially translated
mRNAs and their function in stress remediation. Multiple preferentially trans-
lated mRNAs encode transcription factors that promote stress alleviation
(ATF4, C/EBP�, and C/EBP�). If the cellular stress is too great to overcome, a
subset of transcription factors promotes a pro-apoptotic signaling cascade
(CHOP and ATF5). Feedback dephosphorylation occurs through the activity of
the preferentially translated GADD34. Priming of the cell for resumption of
global translation occurs through the activity of the preferentially translated
nutrient transporters SLC35A4 and CAT1, as well as the glutamyl-prolyl tRNA
synthetase EPRS. Cell fate regulator IBTK� is also preferentially translated
through an uORF-mediated mechanism.
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uORF stop codon and CDS initiation codon allows more time
for the scanning 40S to reacquire a new eIF2�GTP�Met-tRNAi

Met

complex, a significant feature of the delayed translation reiniti-
ation model that was originally identified in the yeast Saccha-
romyces cerevisiae for the transcriptional activator GCN4 (19,
21, 43) and subsequently suggested for the related mammalian
ATF4 (24, 33, 34).

Delayed Translation Reinitiation

Both yeast GCN4 and mammalian ATF4 encode transcrip-
tion factors that increase expression of genes involved in nutri-
ent import, metabolism, and alleviation of oxidative stress (32,
33, 44 – 48). The 5�-leader of ATF4 contains two uORFs: the
5�-proximal uORF1 that is three codons in length and a
59-codon-long uORF2 that overlaps out-of-frame with the
ATF4 coding region (Fig. 3A) (24, 34). The GCN4 5�-leader
contains four uORFs, each encoding polypeptides two to three
residues in length (19, 21). In the delayed translation reinitia-
tion model, the 5�-proximal uORF1 in the ATF4 and GCN4
5�-leaders acts as a positive element that promotes downstream
translation reinitiation (19, 20, 24). During nonstressed condi-
tions, the 40S ribosome resumes scanning after translation of
uORF1 and reacquires a new eIF2�GTP�Met-tRNAi

Met complex
in sufficient time to reinitiate translation at the next uORF ini-
tiation codon. In the case of ATF4, translation initiation at the
overlapping out-of-frame uORF2 results in translation termi-
nation and ribosome dissociation 3� of the ATF4 CDS, thereby
reducing synthesis of ATF4 protein (Fig. 3A) (24). Translation
of the downstream GCN4 uORFs 3 or 4 also thwarts expression
of the GCN4 coding region during nonstressed conditions (see
Fig. 4C) (21, 49). The inhibitory property of uORF4 relies upon
a 10-nucleotide sequence 3� of the uORF4 stop codon that is
suggested to interact with the 40S ribosomal subunit to pro-
mote ribosome dissociation (49).

During cellular stress, eIF2�-P results in lowered levels of
eIF2�GTP required for delivery of Met-tRNAi

Met for reinitiat-
ing ribosomes. As a consequence, after translation of uORF1,
the scanning 40S ribosomal subunit takes a longer amount of
time to reacquire a new eIF2 ternary complex that is required
for recognition of the next translation initiation codon in the
5�-leaders of the ATF4 and GCN4 mRNAs. The delay in the
acquisition of eIF2 ternary complex allows the 40S ribosomal
subunit to scan through the inhibitory uORFs in the two
mRNAs and instead promote translation initiation at the ATF4
or GCN4 CDS, promoting production of ATF4 and GCN4 pro-
teins that serve to transcriptionally enhance genes important
for remediation of the stress damage (Fig. 3A). Lack of appro-
priate GCN4 and ATF4 expression renders cells susceptible to
nutrient deficiencies and oxidative damage (32, 46, 50).

Translation Reinitiation and Differential CDS Translation

Levels of eIF2�-P and the ensuing reduction of eIF2�GTP
levels also play a role in start codon selection that regulates the
abundance of protein isoforms encoded in the same mRNA.
For example, C/EBP� mRNA has four AUG initiation codons
that encode three different protein isoforms and one uORF
(37). The protein isoforms encoded in C/EBP� are transcrip-
tion factors that regulate adipogenesis, immunity, and func-

tions of bone and liver tissues (51, 52). All three protein iso-
forms contain the basic leucine zipper domain, but the two
larger isoforms, liver-enriched activating proteins (LAP* and
LAP), also contain an N-terminal domain that activates tran-
scription of target genes, which is missing in the smaller iso-
form, liver-enriched inhibitory protein (LIP) (37, 53). As a con-
sequence, the LAP* and LAP isoforms can dimerize and serve as
activators of transcription, whereas production of LIP serves as
a transcriptional repressor (52).

The largest protein isoform, LAP*, is translated beginning at
the most 5�-proximal AUG (37). The next AUG that follows the
LAP* initiation site encodes an out-of-frame uORF. Impor-
tantly, the uORF termination codon is located 5� of the initia-
tion sites for both LAP and LIP and plays a central role in the
regulation of translational expression of the LAP and LIP iso-

FIGURE 3. uORFs regulate mRNA translation through diverse mecha-
nisms. A, depiction of the ATF4 mechanism of preferential translation. During
nonstressed conditions, there are low levels of eIF2�-P and high levels of
eIF2-GTP. Ribosomes scanning the ATF4 mRNA initiate at the 5�-proximal
uORF1, and following termination, quickly reacquire a new eIF2 ternary com-
plex. Competent 40S scanning ribosomes (dark gray oval) then reinitiate
translation at uORF2, which overlaps out-of-frame with the ATF4 CDS. Trans-
lation of uORF2 results in ribosome termination and dissociation 3� of the
ATF4 initiation codon, resulting in low ATF4 expression. During cellular stress,
elevated eIF2�-P results in low levels of eIF2-GTP. Ribosomes scanning the
ATF4 mRNA initiate at uORF1 and post-uORF translation resume scanning.
Due to the low levels of eIF2 ternary complex, the 40S ribosome (light gray
oval) scans pass the initiation codon of the inhibitory uORF2 before reacquir-
ing a new ternary complex (dark gray oval). Delayed acquisition of the eIF2
ternary complex results in translation initiation at the ATF4 CDS and an
increase in ATF4 expression during cellular stress. B, depiction of the GADD34
mechanism of preferential translation. During nonstressed conditions, scan-
ning ribosomes bypass the GADD34 uORF1 due to its poor start codon con-
text and initiate translation at uORF2. Translation of a Pro-Pro-Gly peptide
sequence juxtaposed to the uORF2 stop codon results in an inefficient ribo-
some termination event that increases ribosome release from the mRNA and
causes low levels of basal GADD34 expression. During cellular stress, elevated
eIF2�-P results in a ribosomal bypass of uORF1 due to its poor start codon
context and uORF2 due to its moderate Kozak consensus sequence. Bypass of
the inhibitory uORF2 by a portion of scanning ribosomes results in increased
translation initiation at the GADD34 CDS and an increase in GADD34
expression.
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forms (37). After translation of the uORF, a number of 40S
ribosomes are suggested to scan past the initiation codon of the
LAP isoform before reacquiring a new eIF2�GTP�Met-tRNAi

Met

complex and begin translation at the initiation codon of LIP.
LIP expression is also elevated after UV irradiation, suggesting
that decreased eIF2 ternary complex levels during cellular
stress exacerbate this phenomenon (54). The related gene
C/EBP� and its encoded protein isoforms are also translation-
ally regulated by a 5�-proximal uORF (28, 37, 55).

Ribosome Bypass in the ISR

Selection of the translation start site relies largely on the
nucleotide context surrounding the start codon. The optimal
sequence, termed the Kozak consensus sequence, is GCC(A/
G)CCAUGG of which the most important residues are the
purines in the �3 and �4 positions, and the initiation codon is
underlined (9, 56). These two residues have been shown to
interact with the eIF2� subunit and the 18S rRNA contained
within the small ribosomal subunit and are proposed to pro-
mote recognition of the initiation codon (57). Additionally,
poor uORF start codon context has been associated with those
mRNAs that are preferentially translated, whereas mRNAs that
are repressed during eIF2�-P typically contain an uORF in a
strong Kozak consensus sequence (5). These findings suggest
that start codon context plays a significant role in uORF-medi-
ated translation regulation.

Ribosome Bypass Is Dependent on Start Codon Context

An important example in the ISR of ribosome bypass of an
uORF is that of GADD34 (18, 38). GADD34 functions in feed-
back control of the ISR (39 – 41). The GADD34 mRNA contains
two uORFs (Fig. 3B). The uORF1 is considered to be a consti-
tutive, modest dampener of downstream GADD34 expression
(18, 38). uORF1 is in a poor Kozak consensus sequence and is
largely bypassed both basally and during stress conditions.
Translation of uORF2, however, results in a significant decrease
in translation initiation at the CDS, indicating that uORF2 is
largely inhibitory to downstream translation (Fig. 3B) (18, 38).
The inhibitory nature of GADD34 uORF2 relies in part upon a
Pro-Pro-Gly sequence juxtaposed to the stop codon (18).
Translation of the Pro-Pro-Gly sequence in uORF2 is suggested
to result in an inefficient termination that increases ribosome
release from the mRNA, promoting low levels of GADD34
expression during basal conditions (Fig. 3B). This was an inter-
esting finding, because polyproline and Pro-Pro-Gly sequences
have been shown to require the activity of an additional factor,
eIF5A, for efficient translation (58).

Preferential translation of GADD34 in response to eIF2�-P
and cellular stress occurs by scanning ribosome bypass of
uORF2 by a process involving, at least in part, the poor start
codon context of this inhibitory uORF (Fig. 3B) (18). Appropri-
ate inhibition of GADD34 translation by uORF2 and its regu-
lated bypass is critical for the magnitude and duration of trans-
lational control during the progression of a stress response. For
example, deletion of the inhibitory GADD34 uORF2 results in
an inappropriate increase in GADD34 expression even in the
absence of stress that serves to sharply diminish levels of
eIF2�-P even upon induction of the ISR (18). As a consequence,

there are continued high levels of protein synthesis and
increased cell sensitivity to cellular stress.

Ribosomal bypass of an uORF is also central for preferential
translation of CHOP in the ISR (27, 35). Prolonged expression
of CHOP during times of chronic stress and continued eIF2�-P
can induce apoptosis (59 – 62). Analogous to GADD34, bypass
of the inhibitory CHOP uORF during eIF2�-P is also suggested
to rely at least in part upon poor start codon context of the
uORF (14, 27). The inhibitory nature of the CHOP uORF during
basal conditions is centered upon an elongation stall at an
encoded polypeptide segment (14). Emphasizing the impor-
tance of the uORF for appropriate CHOP expression in the ISR,
mutations rendering the uORF nonfunctional lead to overex-
pression of CHOP and its downstream pro-apoptotic target
genes, enhancing cell death during stress (14).

We do not yet understand the mechanisms by which selec-
tion of translation start sites can be affected by eIF2�-P. It was
suggested that eIF2�-P disrupts the stability of the interaction
between the scanning ribosomal subunit and the mRNA at the
�3 position of the start codon (63). Another possibility is that
eIF2�-P may modify the nature of the interaction between eIF2
and the Met-tRNAi

Met that regulates start site selection (63).
Alternatively, the effects of eIF2�-P on start codon selection
may be indirect. For example, eIF2�-P may alter the expression
and stoichiometry of other initiation factors, such as eIF1,
which play a role in translation start site selection (64). The
recently characterized small molecule ISRIB (integrated stress
response inhibitor), which renders eIF2B largely insensitive to
eIF2�-P (65– 67), may provide an important tool for discerning
genome-wide changes in initiation codon selection afforded by
eIF2�-P.

Ribosome Bypass and Non-canonical Start Codons

Recent ribosome profiling studies have illustrated that previ-
ously uncharacterized uORFs with non-canonical initiation
codons are more commonly translated than previously thought
(3, 4, 6). This observation has been followed by the character-
ization of multiple mechanisms involving bypass of uORFs due
to their non-canonical initiation codons that regulate gene-spe-
cific translation during cellular stress conditions (4, 26, 68).

One such example is the translation mechanism for glu-
tamyl-prolyl tRNA synthetase, EPRS. Although EPRS expres-
sion is required for normal protein homeostasis, preferential
translation of EPRS is suggested to increase the appropriately
charged tRNA pool and prime the cell for resumption of pro-
tein synthesis once the cellular stress is remediated (26, 69). Of
the five non-canonical initiation codons in the 5�-leader of
EPRS only the 5�-proximal UUG and the subsequent CUG are
considered to be the main regulators of EPRS preferential trans-
lation (26). The uORF containing the CUG initiation codon
overlaps out-of-frame with the EPRS CDS and was shown to be
inhibitory to EPRS expression, presumably by ribosome disso-
ciation from the mRNA past the initiation codon for the CDS
(26). The uORF encoded by the UUG, on the other hand, ter-
minates 51 nucleotides 5� of the CDS start codon, and was sug-
gested to allow for a portion of the translating ribosomes to
reinitiate at the downstream EPRS CDS (26). Importantly, both
inhibitory uORFs are bypassed due to their non-canonical ini-
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tiation codons to a moderate extent during basal conditions and
experience increased bypass efficiency during eIF2�-P and
stress (26).

Another gene recently identified as containing a functional
uORF with a non-canonical initiation codon is that of
GADD45G, which regulates cell growth and apoptosis (4). The
GADD45G mRNA contains an overlapping out-of-frame uORF
with a CUG initiation codon. The uORF serves as a barrier to
downstream translation during nonstressed conditions and is
bypassed due to its noncanonical initiation codon during
eIF2�-P (4). Also recently described is the model of translation
control for BiP (GRP78/HSPA5) that participates in protein
folding in the ER (68). The 5�-leader of the BiP mRNA features
two uORFs that are both encoded by non-canonical initiation
codons, as well as possible internal ribosome entry sequences
(IRES), which may function in conjunction with uORFs to facil-
itate BiP translation during cellular stress (68, 70 –72).

Other Complexities of Gene Expression Regulated by
uORFs

The observation that the 5�-leader of BiP mRNA contains
both uORFs and an IRES that coordinate expression of BiP
emphasizes that other mRNA structural features also contrib-
ute to translation regulation involving uORFs. The mRNA
encoding the cationic amino acid transporter CAT1 contains
both an uORF and an IRES that are required for induced
expression of the CAT1 CDS during cellular stress (73, 74). The
5�-leader of CAT1 forms a stable secondary structure that pre-
vents translation during nonstressed conditions. However,
translation of the uORF during eIF2�-P is suggested to unfold
the RNA structure, yielding an IRES that serves to increase
translation of the CAT1 CDS (75).

The mRNA encoding the HER2 proto-oncogene contains an
uORF that represses translation initiation at the primary HER2
initiation codon due to insufficient time for the scanning 40S
ribosomal subunit to reacquire a new eIF2 ternary complex (76,
77). Instead translation reinitiation occurs at alternative down-
stream initiation codons that lead to the synthesis of N-termi-
nally truncated HER2 protein isoforms (77). However, full-
length HER2 expression is enhanced in in both breast and
ovarian cancers (76). This regulatory scheme is suggested to
occur via interactions between RNA secondary structures in
the 3�-UTR of the HER2 mRNA and the terminating ribosome
at the uORF stop codon. This interaction is thought to retain
the terminating ribosome and associated initiation factors on
the HER2 mRNA until a new eIF2 ternary complex is acquired,
thereby facilitating translation at the most immediate 5�-prox-
imal AUG that leads to full-length HER2 protein synthesis (76).

The three major regulators of mRNA abundance, transcrip-
tion, mRNA processing, and mRNA degradation, also play
major roles in uORF-mediated regulation of ISR-induced pref-
erential translation (54, 78 – 80). For example, ATF4 expression
is potently induced during endoplasmic reticulum stress, but
there are only low levels of ATF4 expression during UV irradi-
ation (54, 81). Both conditions induce robust eIF2�-P, and pref-
erential translation of ATF4 mRNA occurs with either stress
(81). However, increased LIP expression and binding to the
ATF4 promoter during UV irradiation repress ATF4 transcrip-

tion (54). Lowered levels of ATF4 mRNA available for transla-
tion during UV stress thus result in negligible ATF4 protein and
transcriptional activity. These findings illustrate that ATF4
mRNAs with identical 5�-leaders and uORF configurations
have sharply different induction capabilities in response to dif-
ferent stress conditions despite having comparable levels of
eIF2�-P.

Expression of the ISR transcriptional regulator ATF5 fea-
tures two different mRNA isoforms (79). The more abundant
transcript, ATF5�, contains two uORFs that serve to promote
preferential translation by delayed translation reinitiation (36,
80). ATF5� encodes the same ATF5 CDS, but contains an alter-
native 5�-leader that does not contain any conserved uORFs
and is not translationally regulated in a stress-dependent man-
ner (80). Thus, expression of ATF5 can also be modulated
through the differential production of mRNA isoforms (79).
Recent genome-wide evidence has suggested that regulation of
translation through mRNA splicing also plays a significant role
in the presence of different 5�-leaders in mRNAs that can affect
translational expression (78).

uORF translation can also result in activation of the mRNA
decay pathways, thus adding another layer to the mechanisms
in which uORFs can negatively regulate downstream transla-
tion (82). For example, CHOP was identified as a target of the
nonsense-mediated mRNA decay pathway that recognizes the
presence of a premature termination codon (83). Depletion of
the nonsense-mediated mRNA decay machinery from cells
results in the stabilization of CHOP mRNA levels (84). CHOP
mRNA half-life was also increased more than 2-fold in cells in
which the two initiating codons of the CHOP uORF were
mutated (14). Combined, these studies suggest that the pres-
ence of an uORF can also serve to repress expression of the CDS
through mechanisms involving mRNA decay.

Evolutionary Conservation of uORF-mediated
Translation Mechanisms

Many uORF-mediated translation control schemes that rely
on eIF2�-P are conserved in eukaryotes. For example, the
uORF-mediated translational control mechanism for IBTK� is
suggested to be largely conserved among mammals (Fig. 4A)
(5). Interestingly, the Homo sapiens IBTK� mRNA has four
uORFs, but only the two key uORFs that confer IBTK� trans-
lational control are consistently conserved among mammals
(Fig. 4A) (5). This finding indicates that those uORFs that are
retained throughout species likely maintain functional signifi-
cance. This idea is emphasized in genome-wide analyses of
uORF conservation in which the presence of an uORF and the
regulatory nature of uORF(s) is suggested to be conserved
throughout species (6, 7, 85– 87).

An example in which the regulatory function of an uORF is
retained, but the underlying mechanisms vary among species is
the inhibitory uORF located in the 5�-leader of GADD34
mRNA (18, 38, 88). The 5�-leaders of the Drosophila melano-
gaster and Mus musculus GADD34 transcripts each contain
two uORFs, with the first uORF considered to be largely dis-
pensable for GADD34 translation control (Fig. 4B) (18, 38, 88).
uORF2 in D. melanogaster overlaps out-of-frame with the
GADD34 CDS and is considered to be inhibitory by promoting
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uORF translation termination 3� of the start codon for the
GADD34 CDS (88). By comparison, M. musculus uORF2,
which terminates 23 nucleotides upstream of the GADD34
CDS, prohibits reinitiating downstream due to the inefficient
translation termination (Fig. 4B) (18). Both inhibitory uORFs

have been suggested to require ribosome bypass during cellular
stress for preferential translation of GADD34 (18, 88).

Assessment of the GCN4 mRNAs in 12 fungal species
revealed that uORFs range from three to six in number and are
not positionally conserved (25, 89). Furthermore, the mecha-
nism of GCN4 translation control for Candida albicans is reli-
ant upon bypass of a single inhibitory uORF whereas GCN4 in
S. cerevisiae relies on a mechanism involving delayed transla-
tion reinitiation that features multiple uORFs (Fig. 4C) (19, 25).
These findings suggest that even among gene orthologs in dif-
ferent species, different uORF configurations and mechanisms
can be implemented to achieve preferential translation in
response to eIF2�-P.

These examples of the evolutionary conservation of uORF-
mediated translation control emphasize that there are multiple
features of uORFs that can be combined in specific ways to
generate uORFs of similar functions in regulation of transla-
tion. Furthermore, the proper composition and position of
uORFs and their features are critical for uORF-mediated trans-
lation control mechanisms that direct regulated gene expres-
sion for optimal adaptation to environmental stress.

A future challenge is the application of key tenets from
uORF-mediated mechanisms described herein to genome-
wide assessments of translation. The ubiquitous placement of
uORFs throughout the genome indicates that the specific prop-
erties of uORFs themselves determine whether uORFs regulate
gene expression in a positive or negative fashion. How can the
specific features of uORFs be used to predict patterns of trans-
lation control? Furthermore, although uORFs regulate mRNA
translation in a cis manner, can some uORF peptides function
in trans to facilitate cellular homeostasis? Finally, base modifi-
cations in RNA, such as N6-methyladenosine, can occur differ-
entially in the 5�-leaders of mRNAs in response to cellular stress
(90, 91). Additionally, N6-methyladenosine can promote trans-
lation of select mRNAs by binding to eIF3 and recruiting ribo-
somes independent of the 5�-cap. Can RNA base modifications
in specific mRNAs alter ribosome scanning and uORF utiliza-
tion affecting translational control in the ISR?
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cis-Prenyltransferases (cis-PTs) constitute a large family of
enzymes conserved during evolution and present in all domains
of life. cis-PTs catalyze consecutive condensation reactions of
allylic diphosphate acceptor with isopentenyl diphosphate (IPP)
in the cis (Z) configuration to generate linear polyprenyl diphos-
phate. The chain lengths of isoprenoid carbon skeletons vary
widely from neryl pyrophosphate (C10) to natural rubber
(C>10,000). The homo-dimeric bacterial enzyme, undecaprenyl
diphosphate synthase (UPPS), has been structurally and mech-
anistically characterized in great detail and serves as a model for
understanding the mode of action of eukaryotic cis-PTs. How-
ever, recent experiments have revealed that mammals, fungal,
and long-chain plant cis-PTs are heteromeric enzymes com-
posed of two distantly related subunits. In this review, the clas-
sification, function, and evolution of cis-PTs will be discussed
with a special emphasis on the role of the newly described
NgBR/Nus1 subunit and its plants’ orthologs as essential, struc-
tural components of the cis-PTs activity.

The synthesis of polyprenols in all living organisms is essen-
tial for many cellular functions. The five-carbon building block,
isopentenyl diphosphate (IPP),2 and its isomer, dimethylallyl
diphosphate (DMAPP), are precursors for the synthesis of over
55,000 structurally and chemically diverse isoprenoids includ-
ing dolichols, sterols, the side chain of ubiquinone and chloro-
phyll, prenyl groups of certain proteins and tRNA molecules,
carotenoids, plant and animal steroid hormones, and aromatic
compounds (1, 2). In a majority of eukaryotic cells, Archaea,
and some Eubacteria, IPP and DMAPP are synthesized via the

mevalonate pathway (MVA). In most bacteria, in some Proto-
zoa (Plasmodium sp.), and in chloroplasts of all phototrophic
organisms, IPP and DMAPP are made via methylerythritol
phosphate (MEP) pathway (3).

Linear isoprenoids are synthesized by a group of enzymes
called prenyltransferases (PTs). PTs catalyze the head-to-tail
condensation reactions of allylic primer (for example, DMAPP,
farnesyl diphosphate (FPP), geranyl diphosphate, or gera-
nylgeranyl diphosphate) with specific numbers of IPP units.
Depending on the stereochemistry of the double bonds formed
during IPP condensation, PTs belong to two structurally differ-
ent families: trans- or (E)-prenyltransferase and cis- or (Z)-pre-
nyltransferase. These enzymes utilize similar allylic and homo-
allylic substrates but differ completely in their primary amino
acid sequences, tertiary structures, and mechanisms for sub-
strate binding and catalysis (2, 4, 5).

The carbon skeletons of the majority of isoprenoids are
derived from products of trans-PTs. trans-PTs share a common
protein fold and two conserved, functionally important aspar-
agine-rich (DDXX(XX)D) motifs. trans-PTs synthesize linear
allylic diphosphates ranging in size from 2 (C10) to 10 (C50)
isoprene units (1). The precise mechanisms of prenyl chain
elongation are well established based on structural and site-
directed mutagenesis studies of a number of enzymes in this
class (1, 2, 5).

On the other hand, cis-PTs synthesize allylic diphosphates
ranging in size from C10 polyprenyl diphosphate to natural rub-
ber (C�10,000). While searching for the enzymatic machinery
involved in the formation of crucial intermediates in bacterial
cell wall synthesis, researchers discovered UPPS over 40 years
ago (6 –12). Following the studies in bacteria, a description of
an ER-localized enzymatic activity was discovered in mammals
and in yeast (13–15). UPPS utilizes FPP as a substrate to
sequentially add eight IPP units to form undecaprenyl diphos-
phate (C11). In eukaryotic cells, cis-PT (known also as polypre-
nyl diphosphate synthase or dehydrodolichyl diphosphate syn-
thase (DHDDS)) provides cells with the isoprenoid backbone
essential for the formation of dolichol phosphate (C55–100;
DolP), an obligate lipid carrier necessary for protein glycosyla-
tion reactions in the ER (Fig. 1).

Classification of cis-PTs

cis-PTs are classified according to the product chain length
into three subfamilies: short-chain (C15), medium-chain (C50–55),
and long-chain (C70 –120) cis-PTs (2, 16). In addition to chain
length, we propose that cis-PTs should be classified based
on enzyme composition into two classes: 1) homo-dimeric
enzymes (short- and medium-chain enzymes) and 2) hetero-
meric enzymes (long-chain enzymes and rubber synthases) as
seen in Fig. 2A.

The homo-dimeric enzymes synthesize short- and medium-
chain prenols and are encoded by a single gene product that
generates a dimeric protein. The first described short-chain
cis-PT from Mycobacterium tuberculosis (Rv1086) catalyzes
cis-condensation of geranyl diphosphate with one IPP forming
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Z,E-FPP (C15) (17). Z,E-FPP then serves as an allylic primer in
the synthesis of decaprenyl diphosphate. Solanum sp. have
numbers of short-chain enzymes localized to plastids, and these
enzymes generate products ranging in size form neryl diphos-
phate (C10) to nerylneryl diphosphate (C20) (18 –20). Lavan-
dula x intermedia lavandulyl diphosphate synthase is structur-
ally similar to other short cis-PTs. Products of plant short
cis-PTs are intermediates in the synthesis of monoterpenes and
sesquiterpenes (21, 22).

Medium-chain cis-PTs are represented by UPPS purified
from a number of bacterial species (5, 16, 23–30), Z,E-mixed
decaprenyl diphosphate synthase (Z,E-DecPP, C50) from
M. tuberculosis (Rv2361), as well as plant, protozoan, and
archaeal enzymes. UPPS is responsible for the biogenesis of
undecaprenyl phosphate, an indispensable glycosyl carrier lipid
in bacterial cell wall biosynthesis. Z,E-DecPP from M. tubercu-
losis was the first described cis-PT utilizing a different allylic
substrate other than FPP (17, 31). In Arabidopsis thaliana,
AtCPT6 functions in response to abiotic stress (32, 33); how-
ever, the AtCPT6 product most likely does not serve as lipid
carrier in glycosylation reactions.

The medium-chain cis-PT of Giardia lamblia,which is phy-
logenetically related to bacterial UPPS, is the only molecularly
characterized protozoan enzyme (34). Archaeal enzymes make
polyprenol diphosphates ranging in size from C30 to C60, which
serve as precursors for DolP utilization in N-linked glycosyla-
tion reactions (35–38).

Long-chain cis-PTs involved in dolichol synthesis and do-
lichol-dependent glycosylation of proteins in yeast, mammals,

and plants were predicted to be similar to homo-dimeric UPPS.
This assumption was supported by the fact that overexpression
of predicted eukaryotic cis-PTs (RER2 and SRT1 of bakers’
yeast, human hCIT, and A. thaliana LEW1) in homologous
and/or heterologous expression systems was able to increase
cis-PT enzymatic activity and dolichol content (39 – 46). How-
ever, recent data have challenged this paradigm because mam-
malian, fungal, and long-chain plant cis-PTs are composed of
two subunits critical for enzymatic activity. The two-compo-
nent system is composed of NgBR (Nogo-B receptor) and hCIT
in mammals (47); Nus1 and Rer2 or Nus1 and Srt1 in Saccha-
romyces cerevisiae; SpNus1 and SpRer2 in Schizosaccharomyces
pombe (47); SlCPT3 and SlCPTBP in tomato (48); Lew1 and
At2g17570 in Arabidopsis (49); and LsCPTL1 and LsCPT1 in
lettuce (50), respectively. Rubber synthase of Taraxacum brevi-
corniculatum and Lactuca sativa are also heteromeric enzymes
composed of at least two subunits (50, 51). Interestingly, when
comparing the primary amino acid sequences of known exper-
imentally analyzed single- and two-component enzymes, the
NgBR/Nus1 class does not have a catalytic motif present in
UPPS. However, it shares with UPPS, but not with hCIT, an
-RXG- C-terminal conserved motif (Fig. 2B), implicating an
important role of the C terminus in activity. In the context of
the crystal structure of homo-dimeric UPPS, Arg242 in the
-RXG- motif is involved IPP binding (26), and the very C termi-
nus of one monomer of decaprenyl diphosphate synthase in
M. tuberculosis interacts with the active site of the other sub-
unit (52). Interestingly, patients harboring an R290H mutation
in NgBR, and the corresponding mutations in ScNus1 and
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FIGURE 1. The role cis-PTs in dolichol phosphate synthesis and protein glycosylation. A, DolP synthesis de novo in eukaryotic cell. Genes encoding enzymes
involved in DolP synthesis in human cell are marked in red. DOLK, dolichol kinase. B, the role of heteromeric cis-PT in protein glycosylation. cis-PT generates
polyprenol diphosphate on the cytoplasmic leaflet of the ER membrane. Polyprenol diphosphate is used as an intermediate in the synthesis of dolichol-linked
saccharides (LLO). LLO is intermediate in protein N-glycosylation reactions. Dolichol-phosphate mannose (DolPMan) is also involved in O-mannosylation,
glycosylphosphatidylinositol (GPI) anchor synthesis, and C-mannosylation. DolPGlc, dolichol-phosphate glucose; circled P, phosphorylation.
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SpNus1, show reduced cis-PT activity and chain length of the
polyprenol diphosphate (47). Finally C-terminal tagging of
L. sativa CPT-like (CPTL-NgBR ortholog) (50) severely re-
duces cis-PTs activity, thereby supporting the idea that the C
terminus is highly conserved and important for cis-PT activity.

The molecular elements determining how heteromeric
enzymes regulate prenol chain length are unknown. However, a
number of mutagenesis, structural, and modeling studies of
monomeric enzymes show that the specificities of product
chain lengths primarily depend on different enzymatic proper-

ties (16, 20, 28, 52–55). In addition, chain length distribution of
products from cis-PT could be affected by reaction conditions
in vitro such as detergents and phospholipids, which may influ-
ence co-substrate binding or accessibility of intermediates (56,
57). In the context of heteromeric enzymes, the different gene
products(NgBR/Nus1 and hCIT/Rer2/Srt1) both determine
polyprenol chain length (47), as recently found during natural
rubber synthesis (50, 51). Interestingly, components of rubber
synthases are able to form only long-chain polyprenols in vitro
or expressed in yeast, and additional structural components or
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chaperones may be necessary to fully synthesize rubber. Other
factors that may influence the chain length of cis-PT could be
the degree of subunit oligomerization or the specific lipidic
environment of the heteromeric subunits.

Phylogenetic Distribution of cis-PTs

Phylogenetic analysis of representative eukaryotic and pro-
karyotic UPPS enzymes reveals two main clusters: one com-
posed of hCIT/Rer2 orthologs that require NgBR/Nus1 to form
active enzyme and the other composed of mainly single subunit
enzymes (Fig. 3) (34).

Fungi, animals, and slime mold have only the heteromeric,
NgBR/hCIT class of cis-PT. In plants, it is possible to distin-
guish homo-dimeric from heteromeric cis-PTs (19, 48 –51, 58).
Functionally, heteromeric enzymes are critical for dolichol syn-
thesis and N-glycosylation reactions in the ER, as well as in
natural rubber biosynthesis in rubber-producing plants. Single-
subunit cis-PTs of endosymbiotic origin are phylogenetically
related to bacteria cis-PTs and are very often localized to the
chloroplast.

Trichomonas vaginalis and Apicomplexa, including parasitic
Plasmodium sp., have only one gene per species resembling

hCIT/Rer2; however, they lack an NgBR ortholog. However,
functional studies are lacking examining whether these hCIT-
like proteins are unusual homo-dimeric cis-PTs or, as we pre-
dict, require an additional subunit.

Only single homo-dimeric cis-PTs are present in several dis-
tantly related protists including Giardia and Trypanosomatida
(34). UPPS such as cis-PTs in protists are probably the result of
horizontal gene transfer, which is a major force in the evolution
of Giardia (34, 59). This assumption is supported by the fact
that unlike Giardia, other Metamonada, T. vaginalis, and
recently reported Monocercomonoides sp. (60) have the hCIT
type of cis-PT.

Finally, the genomes of Entamoeba sp. lack orthologs of cis-
PTs. Because Entamoeba use dolichol in glycosylation reac-
tions, the lack of a homolog of cis-PT could be explained by an
alternative enzyme or co-opting dolichol from the host (34, 61).

Eubacteria and the majority of Archaea, including recently
discovered Lokiarchaeota, the nearest relative of eukaryotes
(62), possess a typical single-subunit enzyme. Surprisingly,
Halomebacteria and Archaeoglobaceae, belonging to Euryar-
chaeota, the species less closely related to the Eukaryote phy-
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lum of Archaea, have clear NgBR/Nus1 orthologs (63). Their
UPPS orthologs lack a C-terminal conserved RXG sequence,
implying that ancestral genes of NgBR/Nus1 and hCIT
orthologs may have emerged in Euryarchaeota after being
acquired via horizontal gene transfer by a common ancestor of
eukaryotes.

Discovery of Heteromeric Eukaryotic cis-PTs

Mammalian NgBR as a Component of cis-PT

NgBR was identified as a receptor for the N terminus of
Nogo-B (amino acids 1–200; AmNogo-B) (64). Nogo-B, also
known as reticulon 4B, is highly abundant in endothelial cells
and vascular smooth muscle cells, and mice lacking Nogo-A
and -B have accelerated neointima after vascular injury, defec-
tive wound healing, and impaired blood flow recovery after
ischemia (65). Soluble AmNogo-B promotes the adhesion and
chemotaxis of endothelial cells (65), but the mechanism of this
effect was unclear. To understand the mechanisms of soluble
AmNogo-B function, an expression cloning strategy identified
potential binding proteins, and a cDNA encoding NgBR was
isolated (64). Analysis of the primary sequence of NgBR
revealed a single C-terminal domain with homology to cis-PTs;
however, semi-purified NgBR was not active in cis-PT assays.

Insights into the biology of NgBR as a component of cis-PT
activity stemmed from experiments showing the C terminus of
NgBR interacts with Niemann Pick C2 (NPC2) protein, a lyso-
somal protein critical for cholesterol transfer from the lyso-
some to the ER or plasma membrane (66). The loss of NgBR
increased cellular free cholesterol content due to the destabili-
zation of NPC2, a phenotype similar to loss-of-function
mutants of NPC2. When studying how NgBR interacts with
NPC2, researchers used pulse-chase studies examining protein
glycosylation to demonstrate that the loss of NgBR markedly
reduced protein N-glycosylation by reducing cis-PT activity
and dolichol-linked sugars. Co-immunoprecipitation experi-
ments showed that the C terminus of NgBR interacts with hCIT
and that NgBR is necessary for protein N-glycosylation and
cis-PT activity (67).

Overexpression of NgBR/Nus1 shows a minor increase in
cis-PT enzymatic activity and dolichol levels; however, hCIT
overexpression stimulates enhanced accumulation of dolichol,
implying that hCIT may be a limiting factor in dolichol synthe-
sis and may recruit NgBR and its orthologs to active complexes
(41, 43, 67, 68). The first evidence supporting eukaryotic cis-PT
activity is due to a heteromeric complex of NgBR with hCIT was
from studies in yeast (S. cerevisiae). A triple deletion strain lack-
ing NUS1 (ortholog of NgBR), RER2, and SRT1 (orthologs of
hCIT) in S. cerevisiae (nus1�, rer2�, srt1�) is lethal; however,
the survival of the strain was accomplished by expression of a
single subunit enzyme from G. lamblia. Moreover, co-expres-
sion of hCIT and NgBR, but not individual genes, reconstituted
cis-PT activity in the triple mutant strain. These data suggest
that both genes are required for cis-PT activity; however, these
experiments did not address the contribution of each partner to
cis-PT activity. Utilizing an in vitro translation (IVT) system to
express either hCIT or NgBR (and yeast orthologs) did not
result in cis-PT activity, nor did mixing of the IVT reaction

products. Surprising, co-translation of NgBR/hCIT is required
for cis-PT activity (47), rationalizing prior biochemical data
showing that NgBR/hCIT stabilize each other (66). Thus, hCIT
and NgBR form an active cis-PT complex that is assembled
during translation.

Yeast Nus1and NgBR Are Orthologs

NUS1 was described as an essential gene needed for cell divi-
sion in S. cerevisiae (69) contemporaneously with the identifi-
cation of NgBR in human cells (64). Yeast strains were con-
structed by replacement of native promoters with a TetO7
cassette (Tet-off system), which was examined for defects after
doxycycline addition. NUS1 was found in a cluster of genes
affecting 3C/4C DNA content, an unexpected cell cycle profile
likely related to mitotic defects. Moreover, suppression of
NUS1 results in defective glycosylation of carboxypeptidase Y
(CPY), disrupted secretion of alkaline phosphatase, and im-
paired production of the glycosylphosphatidylinositol-linked
protein Gas1. To examine whether Nus and NgBR are func-
tional orthologs (47), co-expression of either NgBR/hCIT,
Nus1/Rer2, or Spnus1/Sp-rer2 in the triple deletion strain lack-
ing Nus1/Rer2 and Srt1 yielded viable cells (47). Similar to the
requirements of NgBR/hCIT for mammalian cis-PT activity,
Nus1, Rer2, or mixtures of Nus1 with Rer2 IVT products were
unable to form polyprenols, whereas co-translation of Nus1
and Rer2 formed an active cis-PT complex producing polypre-
nols of expected lengths, supporting the heteromeric structure
of yeast cis-PT.

Plant Orthologs of NgBR and Rubber Synthesis

Functional conservation of NgBR/Nus1 orthologs from dis-
tantly related organisms is supported by the studies of Lew1, an
ortholog of NgBR in A. thaliana. Depletion of Lew1 led to
defects in dolichol production and protein glycosylation (39)
Recently, it was proven that AtLew1 forms active cis-PT with
hCIT/Rer2 ortholog AtCPT3 (At2g17570) (49). The first evi-
dence for the existence of heteromeric plant cis-PT complex
was supported by results from CPT-like (CPTL-NgBR
ortholog) and CPT (hCIT ortholog) protein in L. sativa. CPTL2
is predominantly expressed in latex, and silencing CPTL2 coin-
cides with a reduction of natural rubber synthesis. Yeast micro-
somes containing CPTL2/CPT3 show enhanced synthesis of
short cis-polyisoprenes, and microsomes containing recombi-
nant CPT1/CPTL1 or CPT1/CPTL2 show a strong increase of
polyprenol biosynthetic activity (50). In T. brevicorniculatum,
the NgBR-like protein (TbRTA) was also found in the rubber
particle in a proteomics study. TbRTA interaction with the rub-
ber synthase subunits TbCPT1–3 was confirmed by co-immu-
noprecipitation experiments (51). TbCPT1–3 or TbRTA
expression in a S. cerevisiae triple deletion strain (51) fails to
support cell survival. However, co-expression of TbRTA with
TbCPT1–3 complements the survival of the mutants, suggest-
ing a requirement of both TbRTA and TbCPT for cis-PT activ-
ity similar to studies with human and yeast components (51).
Additional evidence for a heteromeric cis-PT complex was
found in tomato plants that express SICPTBP, a close homolog
of NgBR and Lew1, and SICPT3 is a homolog of hCIT/RER2.
Similar to other studies, co-expression of SICPTBP and SICPT3
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was required to complement the survival of rer2� yeast strain
and dolichol biosynthesis (48).

Regulation of cis-PT Activity and Expression

The knowledge about regulation of cis-PT activity is still lim-
ited despite its critical importance in protein N-glycosylation.
Cyclic nucleotides such as cAMP increase microsomal cis-PT
activity (70); however, the mechanism is unknown. Stimulation
of the unfolded protein response induces the expression of sev-
eral genes involved in N-glycosylation reactions including
NgBR and hCIT genes in mammalian cells as well as NUS1 and
RER2 in yeast (71). Blockade of sterol biosynthesis up-regulates
dolichol synthesis in yeast and mammalian cells. Yeast lacking
functional squalene synthase have elevated cis-PT activity and
dolichol levels (72). Inhibition of squalene synthase in mamma-
lian cells deficient in dolichol phosphate mannose activity was
proposed as therapeutic intervention, because it increases both
dolichol phosphate and dolichol phosphate mannose levels and
corrects glycosylation defects (73). Both Rer2-dependent and
Srt1-dependent cis-PT activity in yeast S. cerevisiae are stimu-
lated by overexpression of farnesyl diphosphate synthase
(FPPS) (74). Overexpression of FPPS not only increases the
level of allylic substrate available for the cis-PT but also stimu-
lates the expression of both RER2 and SRT1 (42), and in
Trichoderma reesei, expression of FPPS synthase enhances
cis-PT activity (75).

It is clear that NgBR binding to hCIT is critical for cis-PT
activity; however, the functional role of NgBR in complex with
Nogo-B or NPC2 is less obvious. Although NgBR was discov-
ered as receptor or binding protein for the N terminus of
Nogo-B, the release of soluble Nogo-B or exposure of the N
terminus of the reticulon-4 family of proteins on the cell surface
is controversial. Also, a majority of NgBR is found on the ER
membrane, and topology studies have not convincingly shown
NgBR on the cell surface. In genetic experiments, the loss of
Nogo-A/B clearly affects ER morphology (76) but does not
affect cis-PT activity in vitro or protein glycosylation (68). Addi-
tional fine mapping studies of Nogo-B/NgBR interacting
domains may permit additional understanding of this protein-
protein interaction. In addition to Nogo-B, NgBR can interact
with NPC2 in vivo and in vitro, and studies in cells using siRNA
depletion of NgBR or genetic loss of NgBR document impaired
sterol sensing and elevations in free cellular cholesterol. This
may occur via NgBR binding to NPC2 (66) or NgBR modifying
the N-glycosylation of NPC2. Also, a direct interaction of NgBR
and NPC2 is supported by the dual topology of NgBR in the ER
(67) and the co-existence of NPC2 and NgBR orthologs in the
same organisms during evolution.

Genetic Validation of Two-component NgBR/hCIT
Complex in Humans

The essential nature of cis-PT activity for dolichol biosynthe-
sis is clear based on lethality in yeast and mice when Nus1,
Rer2/Srt1, or NgBR is deleted (34, 46, 47, 69, 77). Ablation of
NgBR in the mouse results in early embryonic lethality around
embryonic day 6.5. In addition, conditional NgBR deletion in
vascular endothelial cells also demonstrates embryonic vascu-
lar development due to defects in glycosylation of important

endothelial proteins (68). The importance NgBR/hCIT in
humans is shown by recent studies documenting loss-of-func-
tion mutations via exome sequencing. A NgBR-R290H loss-of-
function mutation was identified in a family of Roma origin
with a constellation of symptoms consistent with a congenital
disorder of glycosylation (47), and hCIT K42E and T206A mis-
sense mutations were identified in a family of Ashkenazi Jewish
origin with retinitis pigmentosa (78 – 80), Homozygous muta-
tion in NgBR causes a broad and severe congenital disorder of
glycosylation phenotype including retinitis pigmentosa, severe
neurological impairment, and refractory epilepsy, whereas
mutations in hCIT cause retinitis pigmentosa. Indeed, experi-
ments in a reconstituted system shows that loss-of-function
mutations in NgBR or hCIT reduce cis-PT activity and are addi-
tive when combined. In both instances, mutations in NgBR or
hCIT show altered ratios of dolichol chain lengths when mea-
sured in urine and plasma from affected carriers (47, 80).
Finally, chromosomal deletion within NgBR locus may play a
role in driving susceptibility to pediatric epilepsy and congeni-
tal anomalies (81, 82). Because epilepsy is commonly observed
in congenital disorders of glycosylation (83), observed symp-
toms may be consistent with defects in dolichol synthesis and
hypoglycosylation.

In addition to rare variants, recent data suggest that cis-PT
activity and dolichol biosynthesis may influence cancer progres-
sion based on altered NgBR expression in cancerous tissues. NgBR
mRNA levels are increased in ductal adenocarcinoma and non-
small cell lung carcinoma specimens (84, 85). Clearly, regulation of
glycosylation influences cell growth because the loss of ALG genes
required for protein N-glycosylation triggers cell cycle arrest in
yeast (86). In addition, blocking protein glycosylation using tuni-
camycin or NgBR deletion inhibits endothelial cell proliferation
(68, 87) and triggers apoptosis.

Recently, several studies have shown that bacterial UPPS is
an attractive antibiotic target (4, 88) and that inhibitors of UPPS
are protective in a mouse model of infection (89). Based on the
experimental data concerning G. lamblia cis-PT and phyloge-
netic analysis of cis-PT from Trypanosoma sp., Leishmania sp.,
and Plasmodium sp., we predict that targeting protozoan
cis-PT may also be a reasonable strategy to treat and control
infections such as malaria, sleeping sickness, Chagas disease,
leishmaniasis, and intestinal infections. Solving the structure
and understanding the mechanism of action of the mammalian
NgBR/hCIT complex would complement studies on the precise
characterization of novel antimicrobials.

In summary, the synthesis of polyprenols is essential for all
life forms. Recent advances discussed herein were not predicted
based on genomic similarities of prokaryotic and eukaryotic
cis-PT. The discovery of a two-component system for the syn-
thesis of the long-chain polyprenols in yeast, plants, and
humans provides new opportunities to define the similarities
and differences across phyla and examine the mechanisms of
polyprenol synthesis.
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Proteolysis of the amyloid precursor protein (APP) liberates
various fragments including the proposed initiator of Alzheimer
disease-associated dysfunctions, amyloid-�. However, recent
evidence suggests that the accepted view of APP proteolysis by
the canonical �-, �-, and �-secretases is simplistic, with the dis-
covery of a number of novel APP secretases (including �- and
�-secretases, alternative �-secretases) and additional metabo-
lites, some of which may also cause synaptic dysfunction. Fur-
thermore, various proteins have been identified that interact
with APP and modulate its cleavage by the secretases. Here, we
give an overview of the increasingly complex picture of APP
proteolysis.

Currently over 46 million people worldwide are living with
dementia (see the Alzheimer’s Disease International website)
with Alzheimer disease (AD)3 representing the most common
form of dementia. In AD, the amyloid cascade hypothesis posits
that amyloid-� (A�), produced through the sequential proteo-
lytic cleavage of the amyloid precursor protein (APP) by the �-
and �-secretases, is a key molecule in initiating and propagating
disease pathology including neurofibrillary tangle formation,
neuronal cell loss, aberrant synaptic activity, and brain atrophy
that lead to the clinically recognized symptoms of dementia (1).
However, identification of the A� peptide 25 years ago has not
yet led to the advent of a viable therapeutic strategy that can

slow or halt the progression of AD. Recent studies have revealed
new complexities in the proteolytic processing of APP, includ-
ing the identification of novel secretases which generate APP
metabolites that accumulate in the brains of AD patients and
may contribute to the synaptic dysfunction observed in the dis-
ease. In addition, numerous proteins are being identified that
interact with APP, modulating its proteolysis and A� produc-
tion. These new APP secretases and metabolites, along with the
APP interactors, may present novel therapeutic targets that are
independent of direct modulation of the canonical secretases
and that will need to be considered when evaluating the results
from current A�-directed therapies. In this Minireview, we
summarize the recent developments in APP proteolysis focus-
ing on the novel secretases, APP interactors, and APP metabo-
lites that are impacting on our understanding of both APP biol-
ogy and the neurodegenerative disease process.

The Canonical �-, �-, and �-Secretases and APP
Fragments

The generally accepted model of APP proteolysis is that APP
is processed by one of two distinct proteolytic pathways (Fig.
1A). In the amyloidogenic pathway, �-secretase, the �-site
APP-cleaving enzyme 1 (BACE1), cleaves APP within the ect-
odomain and liberates a soluble proteolytic fragment, termed
soluble APP� (sAPP�), primarily in the endosomal system from
the transmembrane APP holoprotein (2). The remaining C-ter-
minal membrane-bound APP fragment, CTF�, is subsequently
cleaved by the presenilin (PS)-containing �-secretase multisub-
unit complex to liberate the A� peptide and the APP intracel-
lular domain (AICD) (Fig. 1A). �-Secretase cleaves CTF� at
several sites in the transmembrane domain, “trimming” the A�
peptide from the initial �-cleavage sites to produce shorter, and
relatively benign, A� species (Fig. 2) (3). However, inefficient
trimming of the A� peptide at its C terminus results in the
release of longer aggregation-prone A� species such as A�42,
which are central to the production of the neurotoxic oligomeric
A� assemblies (4, 5). In the non-amyloidogenic pathway,
�-secretase, members of the “a disintegrin and metallopro-
tease” (ADAM) family, mainly ADAM10, cleave APP at the cell
surface within the A� domain, liberating sAPP� and leaving an
alternative membrane-bound C-terminal fragment, CTF�.
CTF� can also be subsequently proteolytically processed by
�-secretase to liberate an N-terminally truncated version of the
A� peptide referred to as p3 and the AICD (Fig. 1A). The AICD
has a role as a nuclear transcription factor regulating the
expression of various genes, including that of the A�-degrading
neprilysin (6 – 8). Although the AICD produced via either the
amyloidogenic or non-amyloidogenic pathways have the same
peptide sequence, they appear to be functionally distinct. The
AICD produced following �-secretase cleavage is transported
to the nucleus and binds to the neprilysin gene promoter,
whereas that produced following �-secretase cleavage is rapidly
degraded in the cytosol by insulin-degrading enzyme (6).

The established view is that these sequential cleavages of
APP occur through separate enzyme-substrate interactions
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that are temporally and spatially separated. However, recent
evidence indicates that ADAM10 and �-secretase physically
interact and work in partnership to sequentially cleave APP (9).
ADAM10 and �-secretase co-immunoprecipitated from cells
and mouse brain, and were shown to interact by superresolu-
tion microscopy. The complex between the two secretases was
stabilized by members of the tetraspanin family of scaffold pro-
teins (namely tetraspanin 12 and 17). Limited data also indi-
cated a physical interaction between BACE1 and �-secretase,
albeit in a complex distinct from the ADAM10-�-secretase
complex (9). This comprehensive biochemical study suggests
that cells possess large multiprotease complexes capable of
sequentially and efficiently processing transmembrane sub-
strates such as APP through a spatially coordinated regulated
proteolytic mechanism (9). This raises the interesting question
as to whether these multiprotease complexes could be targeted
to selectively modulate APP processing in the amyloidogenic
pathway.

Whether there is a reciprocal relationship between the amy-
loidogenic and non-amyloidogenic APP processing pathways
has remained a contentious issue, possibly as a result of differ-
ences in the model systems being examined (10). In monkeys,
BACE1 inhibition decreased sAPP� and A� in cerebrospinal
fluid (CSF) and increased sAPP� as measured by ELISA, but
there was no change in labeled sAPP� kinetics, suggesting that
BACE1 inhibition may not boost �-secretase processing of APP
to the same degree (11). In human induced pluripotent stem
cell-derived neurons, inhibition of BACE1 reduced sAPP� and
A� and reciprocally increased sAPP� (12), whereas inhibition
of �-secretase resulted in an increase in sAPP� and a decrease
in sAPP� (9). This latter result suggests a level of feedback
within the ADAM10-�-secretase complex (9). Activating
�-secretase has been suggested as a potential therapeutic
approach for reducing A� production, although the evidence
for this from in vivo studies is somewhat mixed (13, 14). For
example, moderate neuronal overexpression of ADAM10 in
APPV717I transgenic mice increased the secretion of sAPP�,

reduced the formation of A� peptides, and prevented their dep-
osition in plaques (15), and in APP/PS-1 transgenic mice the
intracerebral injection of the vitamin A analogue acitretin,
which stimulates ADAM10 promoter activity, led to a reduc-
tion of A�40 and A�42 (16). However, although a recent clini-
cal trial reported increased CSF sAPP� levels in patients with
AD treated with acitretin, there was only a trend to decline in
sAPP� that did not reach significance and there were no
changes in the levels of A�40 or A�42 (17). Moreover,
ADAM10 is implicated in the ectodomain shedding of several
substrates such as Notch and ErbB2, which promote cancer
progression and inflammatory diseases. Thus, further work
with more selective �-secretase activators in human neurons
and in vivo models is required to clarify whether �-secretase
activation is a viable therapeutic approach for AD either by
reducing the neurotoxic A� and/or by increasing sAPP�, which
is reported to have neuroprotective functions (Table 1).

The exact function of several of the APP metabolites (Table
1), including sAPP�, much like the function of the holo-APP
molecule, is unclear, in part due to the focus of most APP
research being on A�. The significantly different, and even
opposing, properties of the various APP metabolites adds fur-
ther to the complexity of the biological functions of APP, and
on what the impact will be of inhibiting or activating any par-
ticular secretase on the balance of neuroprotective versus neu-
rotoxic outputs.

Although the contribution of the canonical �-, �-, and
�-secretases to APP proteolysis has been studied in depth, the
proteolytic cleavage of APP, like many proteins, is more com-
plex than originally envisaged. An increasing number of addi-
tional secretases have been identified that also proteolytically
process APP in vivo. Here, we review each of these new secre-
tases and, where known, the properties of the APP metabolites
produced by their action. A summary of these new secretase
cleavage sites within APP is provided in Fig. 1, and the functions
and/or characteristics of the metabolites produced through
these cleavage events are summarized in Table 1. Although
APP can also be cleaved in its intracellular domain (recently
reviewed in Ref. 18), this review will focus on cleavages within
the APP ectodomain.

�-Secretase

Asparagine endopeptidase (AEP), previously linked to AD
through its capacity to cleave tau, which forms the neurofibril-
lary tangles (19), was recently shown to cleave APP at two sep-
arate sites in the ectodomain (Fig. 1B) (20). AEP is a pH-con-
trolled soluble lysosomal cysteine protease that cleaves after
asparagine residues. In an elegant series of experiments, Zhang
et al. (20) showed that AEP, or �-secretase, cleaves APP

FIGURE 1. The proteolytic processing of APP. A, the traditional model of APP proteolysis involves APP processing either in the non-amyloidogenic pathway,
where sequential cleavage by �-secretase (ADAM10; pink) and the �-secretase multisubunit complex (here shown for simplicity as a single entity; blue) liberates
sAPP� and p3, or in the amyloidogenic pathway, where sequential cleavage by �-secretase (BACE1 or possibly cathepsin B; green) and �-secretase liberates
sAPP� and A�. Both pathways produce AICD, which can be proteolytically degraded or translocated to the nucleus, where it has roles in transcriptional
regulation. B, APP processing by the �-secretase (AEP; yellow) causes the release of three soluble fragments of APP (sAPP1–585, sAPP1–373, and sAPP374 –585). The
remaining CTF� is then further processed by �- and �-secretases to release A� and AICD. C, �-secretase (suggested to be MT5-MMP; orange) releases the
soluble sAPP� fragment and leaves the membrane-bound CTF�. CTF� can be further processed by �- or �-secretase to release A�-� or A�-�, respectively.
Following �- or �-cleavage, the remaining CTF can be cleaved by �-secretase to release p3 and AICD, or A� and AICD, respectively. sec, secretase. D, meprin �
(purple) acts as a �-secretase producing a fragment similar to sAPP� as well as two shorter, soluble fragments (sAPP1–380/3 and sAPP1–124). The remaining CTF
can then be processed by �-secretase to release A�2-X and AICD. See text for further details.

FIGURE 2. Formation of A� by �-secretase cleavage of APP CTF�. Cleavage
of APP CTF� by �-secretase follows a “nibbling” pattern in the direction indi-
cated by the black arrows, where the initial (�) cleavage dictates the final (�)
cleavage. The initial cleavage dictates the C-terminal length of A� and thus its
amyloidogenic potential. N, N terminus; C, C terminus.
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between Asn373-Glu374 and Asn585-Ile586 (note APP695 num-
bering used henceforth) in vitro and in vivo, potentially gener-
ating three soluble APP fragments and CTFs (Fig. 1B). Cleavage
of APP before Thr584 was described previously and referred to
as �-cleavage, although the protease responsible was not iden-
tified (21). The AEP cleavage of APP could be blocked in vitro
using buffers in which the pH (pH 7.4) inhibited the catalytic
activity of AEP, by mutation of critical residues (Cys189 and
Asn323) within the catalytic domain of AEP, by mutation of the
�-secretase cleavage sites within APP, or through antibody or
peptide inhibition of the enzyme (20). The shorter N-terminal
APP fragment, sAPP1–373, produced by AEP cleavage, but not
the sAPP1–585 or sAPP374 –585 fragments (Fig. 1B), was toxic to
primary cultured neurons (Table 1), suggesting that AEP could
be a key player in the generation of toxic metabolites within the
brain (20). In addition, recombinant APP protein correspond-
ing to the AEP-derived CTF was a better substrate for BACE1
proteolysis in comparison with full-length APP when assayed in
vitro, although it is unknown whether this is true for mem-
brane-bound APP in intact cells. Nevertheless, significantly less
A� was detected in the conditioned medium of AEP knock-out
neurons (20). Up-regulation and increased activity of AEP were
observed in aged mice, along with increased AEP activity, and
AEP produced APP fragments using antibodies specific to the
N and C termini of these fragments within the brains of AD
patients (20). Furthermore, knock-out of AEP in the 5�FAD
mouse model reduced A� deposition, synapse and dendritic
spine loss, and behavioral deficits (20). AEP gene knock-out
similarly protected against memory deficits in another AD
mouse model, APP/PS-1 mice (20). Thus, these two studies (19,
20) provide compelling evidence for a role of AEP in AD-like
neurodegeneration. However, further work is required to con-
firm these observations and to clarify the contribution of
�-secretase cleavage of APP to disease pathogenesis and to

clarify whether inhibition of AEP may be a therapeutic
approach in AD.

�-Secretase

Recent work from two groups revealed that �-secretase con-
tributes to the production of A�, while also producing proteo-
lytic fragments with the capacity to induce synaptic dysfunction
(22, 23). Both groups identified the matrix metalloproteinase
MT5-MMP as contributing to the �-secretase cleavage of APP.
Both soluble and membrane-bound matrix metalloproteinases
have been of interest to the AD field for some time due to their
capacity to proteolytically cleave APP and A� in vitro and in
vivo (24, 25). In the most recent work, �-secretase was shown to
cleave APP between Asn504-Met505, resulting in the shedding of
an �80 –95 kDa soluble fragment, leaving the novel mem-
brane-bound CTF, CTF� (Fig. 1C) (22, 23). Using a suite of
antibodies and extensive mass spectrometry analyses, further
processing of CTF� by both �-secretases and �-secretases to
produce fragments termed A�-� and A�-� was elucidated (Fig.
1C) (23). Both A�-� and A�-� were detectable in mouse brain
homogenates and also in human CSF, where levels were esti-
mated to be 5-fold higher than A� (23). Interestingly, A�-� but
not A�-� inhibited long term potentiation in hippocampal
brain slices from mice and suppressed neuronal activity in hip-
pocampal neurons (Table 1) (23). In support of the data
obtained in human CSF, �-secretase cleavage of APP exceeded
�-secretase cleavage by almost 10-fold in human neurons, and
accumulation of �CTFs was also observed in dystrophic neu-
rites surrounding amyloid plaques in the brains of AD patients
(23). In a separate study, and despite MT5-MMP not possessing
�-secretase-like activity, MT5-MMP knock-out in 5xFAD mice
significantly reduced both A� plaque deposition and soluble
A� and APP CTFs within the brain (22). In addition, a concom-
itant reduction in markers of gliosis, increases in neuronal

TABLE 1
Properties of the proteolytic fragments generated from APP

APP fragment Function/Characteristics

sAPP� Induces neural differentiation of stem cells (65)
100-fold less effective than sAPP� at protecting mouse hippocampal neurons from excitotoxic stress (66)
Cleaved to produce an N-terminal fragment that induced axonal pruning (33) but may be independent of �-secretase activity (32)

CTF� Evidence for early pathological accumulation in AD mouse models (67)
Disruption of LTP (68)
Linked to learning and memory deficits in AD mouse models (69)
Reduction of spine density and induction of synaptotoxicity (70)

A� The major APP metabolic fragment involved in the initiation and propagation of AD; for recent reviews, see Refs. 1 and 5
sAPP� Induction of Akt cell survival pathway (71)

Protection against neuronal damage caused by traumatic brain injury (72)
Protection against synaptic dysfunction (73) and roles in synaptic plasticity (74)

CTF� Reduction of spine density and induction of synaptotoxicity (70)
Possible role as a �-secretase inhibitor (75)

p3 Accumulates in amyloid plaques (76) but less aggregation prone than A� (77)
Forms calcium permeable ion channels resulting in neuronal toxicity (78)

AICD Transcriptional regulator regulating several proteins linked to AD (8, 79)
Contradictory evidence for a pathological role for AICD in AD (80, 81)

sAPP�/sAPP95 No specific function described but identified in APP transgenic mouse brain lysates with some discrepancy in molecular weight
(22, 23)

A�-� Inhibited LTP in hippocampal brain slices from mice and suppressed activity in hippocampal neurons (23)
A�-� Has none of the effects reported for A�-� (23)
CTF� Indirect evidence that CTF� is a better substrate for BACE1 and �-secretase cleavage (22)

Accumulated in dystrophic neurites surrounding amyloid plaques in transgenic mouse and human AD patient brains (23)
CTF� The shorter of the two CTF� forms accumulated in brain lysates from AD patients (20)
sAPP� (1–448, 1–660, 449–660) sAPP1–448 neurotoxic to neurons

No neurotoxicity was observed for other soluble fragments (20)
N-APP fragments Increased production of 11-kDa fragment during neuronal differentiation (31)

N-APP fragment 18–286 bound neurons with higher affinity than sAPP� via an undetermined receptor and increased
phosphatidylinositol phosphate lipid levels (82)

MINIREVIEW: Amyloid Precursor Protein Proteolysis

19238 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 37 • SEPTEMBER 9, 2016



integrity as evidenced by increased MAP2 and synaptophysin
staining, preserved hippocampal function, and improved per-
formance in spatial memory tasks were all observed in the
MT5-MMP knock-out mice (22). MT5-MMP expression in
HEK cells expressing APPSWE increased A� and CTF produc-
tion as well as the liberation of the 95-kDa soluble APP N-ter-
minal fragment (sAPP95), presumably that identified by Wil-
lem et al. (23) as sAPP�. In the 5xFAD/MT5-MMP knock-out
mice, this soluble fragment was significantly reduced in brain
homogenates (22). Of concern, both genetic and pharmacolog-
ical inhibition of BACE1 activity resulted in the accumulation
of CTF� and A�-� (23), highlighting that therapeutic inhibi-
tion of BACE1 as currently underway in multiple clinical trials
needs to be carefully monitored to ensure that accumulation of
alternative neurotoxic APP fragments such as A�-� does not
occur under such therapeutic intervention.

Meprin �

Meprin � is a zinc metalloprotease that has also been pro-
posed as a candidate �-secretase. Meprin � proteolytically
cleaves peptide substrates spanning the �-secretase cleavage
site in APP at the �-site Met596-Asp597, as well as at the adjacent
Asp597-Ala598 and Ala598-Glu599 sites (Fig. 1D) (26). Further-
more, cells expressing meprin � produced significant amounts
of A�2-X even in the presence of a BACE1 inhibitor, whereas
meprin � inhibition significantly reduced its production (26).
Further work has suggested that unlike BACE1, meprin �
cleaves APP at the cell surface and may directly compete with
ADAM10 in vivo, as indicated by increased sAPP� in the solu-
ble fractions derived from meprin � knock-out mice brains
(27). Meprin � knock-out also increased sAPP� in the soluble
brain fraction as detected with a neoepitope-specific antibody,
whereas conditioned medium from cells expressing APPSWE,
which is a better substrate for BACE1 than wild-type APP (12),
significantly altered the ratio of A�2– 40:A�1– 40 production,
indicating direct competition between meprin � and BACE1
for APP (27). Importantly, in the context of AD, A�2– 40 also
showed increased aggregation propensity when compared with
A�1– 40, implicating this species in the preferential production
of oligomeric assemblies of A� (27). Still, in the brain, A�2-X
peptides are severalfold lower in abundance relative to A�42
species. Thus, the potential contribution of meprin � to AD
pathogenesis remains to be established.

In addition to cleavage near the �-secretase site, three further
meprin � cleavage sites within APP have been identified (Fig.
1D) (28). Degradomics analysis identified meprin � cleavage
sites within APP between Ala124-Asp125, Glu380-Thr381, and
Gly383-Asp384, whereas subsequent in vitro analysis identified
an N-terminal proteolytic fragment with a molecular mass of 11
kDa, resulting from cleavage at Ala124-Asp125, which directly
corresponded to a fragment previously identified in human
CSF (28, 29). The site in APP at which meprin � cleaves may
depend on its subcellular location, with membrane-bound
meprin � cleaving APP at the �-site, whereas soluble meprin �
produces the N-terminal APP fragments (30). Other short
N-terminal APP fragments have been reported (31–33),
although whether they correspond to the same fragments as

produced by meprin � or through proteolytic cleavage by alter-
native proteases remains unknown.

Cathepsin B

The lysosomal cysteine protease cathepsin B has also been
proposed as a putative �-secretase (Fig. 1A) (34). The role of
cathepsin B as a �-secretase remains controversial, with con-
flicting evidence indicating that genetic deletion or inhibition
of cathepsin B in APP transgenic mice can either enhance (35)
or reduce (36) A� pathology. Moreover, unlike BACE1 (37),
cathepsin B does not accumulate with close spatial proximity to
amyloid plaques (38). Cathepsin B cleavage of APP may
enhance the production of N-terminally truncated pyroglu-
tamylated forms of A� (pGlu-A�) in which the N-terminal glu-
tamate in A�3-X or A�11-X is cyclized by glutaminyl cyclase
(34). pGlu-A� exhibits increased aggregation propensity and
increased cellular toxicity and disrupts long term potentiation
to a greater extent than A�1-X species (39 – 41). In addition,
recent work has proposed pGlu-A� as the predominant A�

species within the brains of AD patients (42), and efforts to
design therapeutics specifically targeting this A� species have
proved successful in mouse models (43). However, evidence for
direct proteolysis of APP between Ala673-Glu674 by cathepsin B
remains to be provided. An alternative scenario for the produc-
tion of N-terminally truncated A� species is the truncation of
the A�1-X peptide by aminopeptidases following BACE1
cleavage.

Mystery Proteases

The recent identification of novel APP secretases indicates
that our understanding of APP proteolysis and its contribution
to AD is far from complete. Indeed, a series of studies on human
CSF has identified numerous APP N-terminal fragments (29) and
N-terminally extended A� species that may have (patho)physio-
logical functions (44, 45). Evidence also exists for the N-termi-
nal truncation of the A� peptide at every one of its first 11
amino acids, although again, the biological relevance of the
majority of these species remains uncertain (46). At least one
N-terminally truncated species of A� (A�5-X) has been shown
to increase in the CSF of patients treated with a BACE1 inhib-
itor, suggesting that it is liberated in a BACE1-independent
manner and that the protease responsible for its liberation acts
in direct competition with BACE1 (47). In addition to the typ-
ically monitored fragments (sAPP�, sAPP�, A�, C99 and C83
CTFs, and AICD), a plethora of additional N-terminal and
C-terminal APP fragments are likely present in the brain,
although it is currently unclear which of these are biologically
relevant or functional, how they are regulated, and how the
proteolytic pathways interrelate. Until the proteases involved in
these novel APP proteolytic pathways are identified, the inter-
relationship between these distinct pathways is reconciled, and
the biological functions of the resulting APP metabolites are
fully elucidated, we are a long way from understanding how
APP metabolism impacts on normal cellular biology, let alone
in AD.
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Modulation of APP Proteolysis by Interacting Proteins

A major issue undermining secretases as therapeutic targets
in AD is the indiscriminate nature with which their direct inhi-
bition blocks proteolysis of their multiple substrates. Both
BACE1 and �-secretase cleave numerous substrates, producing
metabolites that are key in an array of biological roles (48, 49).
This has led to a search for alternative mechanisms through
which APP proteolysis can be selectively disrupted. Protein-
protein interactions have been widely shown to influence APP
trafficking and processing, highlighting the APP interactome as
a novel source of potential therapeutic targets for the selective
disruption of APP proteolysis. A summary of proteins that
directly interact with APP and modulate its proteolysis is
shown in Table 2. There are likely multiple mechanisms by
which interactors modulate APP proteolysis, for example
through acting as a physical blockade (e.g. BRI2) to prevent the
access of the proteases to APP (50), or by altering APP traffick-
ing (e.g. sortilin-related receptor (SORLA) (51)), and thus either

enhancing or reducing the likelihood of APP encountering the
secretases.

A wide range of approaches has been taken to identify APP-
interacting proteins both in vitro and in vivo. In vitro, yeast
two-hybrid studies of the APP interactome have identified sev-
eral proteins that interact with the intracellular domain of APP,
including perhaps the best established APP interactor, Fe65
(Table 2). Fe65 interacts with the cytoplasmic tail of APP (via
the YENPTY motif) and influences APP internalization.
Despite intensive study, the effect of Fe65 on APP proteolysis
has remained controversial (see Ref. 52). In a similar manner,
proteins from the Mint family have been shown to interact with
the APP YENTPY motif, with conflicting results reported on
their effect on APP proteolysis (53). Using a split-ubiquitin ver-
sion of the yeast two-hybrid approach, several APP interactor
proteins were identified, one of which, BRI2, was shown to
influence the proteolysis of APP (50) and was also linked to
familial forms of dementia in which increased APP proteolysis

TABLE 2
Protein interactors of APP and their effect on APP proteolysis
TGN, trans-Golgi network; GFLD, growth factor-like domain; KPI, Kunitz protease inhibitor; LDLR, low-density lipoprotein receptor; LRP, low-density lipoprotein
receptor-related protein; RAP, receptor-associated protein; pThr, phospho-threonine.

Protein Interaction details Effect on proteolysis Ref.

AP-4 complex Identified by yeast two-hybrid; �4 subunit interacts with the
YKFFE motif in APP cytoplasmic tail; induces export of APP
from the TGN

siRNA knockdown of �4 subunit
1A�,2CTFs

83

BRI2 Identified by yeast two-hybrid screen; masks the recognition site for
�-secretase and BACE1

siRNA knockdown1sAPP�,
1A�40,1A�42

50

BRI3 Identified by a yeast two-hybrid screen; specifically interacts with
full-length APP but not CTFs

siRNA knockdown1sAPP�,
1A�40,1A�42; overexpression
2sAPP�/�,2A�40,2A�42

84

CD74 Identified by yeast two-hybrid screen; binds the ectodomain of APP Overexpression2A�40,2A�42 85
Dab2 Binds the NPXY motif in the cytoplasmic tail of APP; identified due

to ability to bind a similar motif in LDLR; mediates endocytosis
of APP to endosomes

Overexpression of full-length protein
1A�40,1A�42

86

GRP78 Binds APP and slows its maturation and secretion Overexpression2A�40,2A�42 87
LRP-1 Identified due to similar ability to bind KPI domain containing

tissue factor pathway inhibitor; induces endocytosis of APP
Overexpression1A�,2sAPP�;

LRP1 antagonist RAP2A�
88, 89

LRP1B Investigated due to similarities to LRP1; binds full-length APP;
increases cell surface levels of APP

Overexpression1sAPP�,2A�40,
2A�42,2CTF�

90

LRP10 Investigated due to homology to LDLR family members; interacts
with the ectodomain of APP causing retention within the Golgi

Overexpression2A�40,2sAPP�/� 91

Lingo-1 Extracellular ligand for APP identified through a brain interactome
study

siRNA knockdown1CTF�,
2CTF�; overexpression2sAPP�,
2sAPP�

58, 59

Nogo receptors (NgR) Investigated due to localization to amyloid plaques in AD brains;
interact with APP ectodomain in human brain and cells

Overexpression of NgR12A�;
overexpression of NgR2 and NgR3
1A�401A�42

92, 93

PAT1a Investigated due to prior studies showing APP and PAT interacted
directly

siRNA knockdown2A�,2CTFs 94

Pin1 Identified due to capacity of Pin1 to bind pThr-Pro motifs; binds
APP and alters the cis/trans isomerization of the Pro668/Thr669

bond

Overexpression1A�40,1A�42;
alternatively, in vivo knockout
2sAPP�,1sAPP�,1A�42

95, 96

Reelin Extracellular ligand for APP identified by brain interactome study Overexpression2sAPP�,2sAPP�,
2CTFs,2A�40,2A�42

59

SNX17 Binds the NPXY motif in the cytoplasmic tail of APP; identified due
to ability to bind a similar motif in LRP1; proposed to increase
APP recycling to cell surface

Dominant negative mutant and
siRNA knockdown1A�40,
1A�42

86

SORCS1 Investigated due to homology to SORLA; binds full-length APP;
genetic link to AD

Overexpression2A�40,2A�42;
siRNA knockdown1A�40

97

SORLA Investigated due to reduced expression in AD brain; binds to the
GFLD and carbohydrate domains of APP; causes retrograde
transport of APP
to the trans-Golgi network

Overexpression2sAPP�,2sAPP�,
2A�40

51, 98

Spondin-1 Identified through a brain interactome study; binds extracellular
domain of APP

Overexpression2CTFs; indepen-
dent study showed overexpression
had no effect

59, 99

Syt-1 and Syt-9 Identified in an ex vivo APP ectodomain interactome study; interact
with the APP ectodomain between the E1 and KPI domains

Syt-1 and Syt-9 overexpression
1sAPP�,1A�40,1A�42; Syt-1
siRNA knockdown2sAPP�,
2A�40,2A�42

55

TRPC6 Investigated due to previously identified link between presenilin2
and TRPC6 activity; binds directly to APP CTF�

siRNA knockdown1A�40,1A�42;
overexpression2A�40,1A�42

100
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was observed (54). Gautam et al. (55) used various glutathione
S-transferase-tagged APP ectodomain constructs to isolate
interacting proteins from the soluble fraction of mouse brains.
Novel interactions between the APP ectodomain and three
members of the synaptotagmin family of proteins were identi-
fied by mass spectrometry, two of which were subsequently
shown to influence APP proteolysis (55). Recently, the first
study of the APP interactome in a cell culture context was
reported using the commonly used, non-neuronal human
embryonic kidney cell line, where tagged APP was immunopre-
cipitated from stable isotope-labeled amino acids in cell culture
(SILAC)-labeled cells and interactors were identified by liquid
chromatography-tandem mass spectrometry (56). This study
identified interactors for wild-type and Swedish mutant APP
(and other neurodegeneration-linked proteins), focusing on the
interaction between APP and the mitochondrial leucine-rich
PPR motif-containing protein (LRPPRC) (56). Although it was
not shown to directly influence A� generation, the authors sug-
gested that this interaction (which was higher for the Swedish
mutant APP) could lead to mitochondrial dysfunction as
LRPPRC has a key role in mitochondrial gene regulation (56).
We recently employed a similar approach, whereby the inter-
actome of two APP isoforms was studied in the neuron-like
SH-SY5Y cells.4 Key differences in the interactomes of the two
APP isoforms, APP695 and APP751, which differ in their ability
to be cleaved by �-secretase and to produce A�, were identified.
We determined the proteins enriched in the interactome of
each APP isoform and identified specific enrichment of pro-
teins implicated in mitochondrial function and nuclear trans-
port specifically in the APP695 interactome. Further interroga-
tion of the APP interactome and subsequent experimental
validation revealed Fe65 and ataxin-10 as specific modulators
of APP695 proteolysis and GAP43 as a specific modulator of
APP751 proteolysis, altering A� generation.4 GAP43 was iden-
tified in a recent study of the �-secretase interactome (57), with
similar results observed on the production of A�.

Various studies have investigated the in vivo interactome of
APP. One such study investigated the in vivo APP interactome
in wild-type mice, comparing the interactome with that of amy-
loid precursor-like protein (APLP)1 and APLP2 (58). Thirty-
four APP interactors were identified, of which one, leucine-rich
repeat and immunoglobulin-like domain-containing protein 1
(LINGO-1), was subsequently shown to influence A� genera-
tion in human embryonic kidney cells (58), although its effect
was later contested (59). In a similar in vivo mouse study, Kohli
et al. (60) generated a human APP mouse model with a tandem
affinity purification tag inserted into the protein in the AICD
region. Various proteins involved in synaptic vesicle trafficking
were enriched in the APP interactome, along with members of
the 14-3-3 family, leading the authors to propose an important
role for APP in synaptic signaling (60). A human in vivo APP
interactome study identified 21 proteins that interacted with
human APP in AD and control brains, although none of the
identified proteins interacted specifically with APP in either the
AD or control brains (61).

Specifically targeting the interaction between the Vps29 and
Vps35 subunit of the retromer complex pharmacologically
(although in this case to stabilize, rather than disrupt their
interaction) was recently shown to reduce APP proteolysis
through alterations in its trafficking (62), indicating that tar-
geted drug screening can identify compounds that modulate
APP processing. Indeed, this approach is being taken to identify
drugs that disrupt APP dimer formation, which has been shown
to increase A� production (63). As a protein-protein interac-
tion is likely indicative of a functional relationship, a complete
understanding of the implications of disrupting such interac-
tions is required if targeting these interactions is to become a
viable and successful therapeutic option in AD.

Concluding Remarks

The recent identification that APP can be proteolytically pro-
cessed by secretases other than the canonical �-, �-, and
�-secretases adds considerable complexity to the biology of
APP and raises important questions. What is the contribution
of the recently identified �- and �-secretases to AD? Why have
no mutations around the �- and �-secretase cleavage sites in
APP that give rise to familial AD been identified to date? As
noted above, both of these new secretases can increase A� pro-
duction by initially cleaving the full-length APP molecule, mak-
ing it a better substrate for BACE1 cleavage by reducing the
steric hindrance of the large N-terminal ectodomain, as well as
generating additional neurotoxic fragments (20, 22). What is
the role of APP metabolites other than A� in AD and in normal
biology? What is the contribution of other proteases, including
meprin � and cathepsin B, to APP processing in AD? Given that
several other APP metabolites have been identified in the
human brain, how many other proteases remain to be identified
that influence APP processing? Careful and detailed studies
analyzing multiple processing pathways and APP metabolites
under appropriate conditions will be required to determine the
relative amount of APP processed by each secretase under nor-
mal and disease situations. Will inhibition of either the �-secre-
tases and/or �-secretases be viable alternative therapeutic
approaches to alleviate some or all of the symptoms of AD? Will
targeting these new secretases be required in addition to target-
ing �- and or �-secretase or A� immunotherapy to negate the
neurotoxicity of other APP metabolites? What is the role of the
recently described APP interactors in regulating the produc-
tion of A� or other biologically active APP fragments? Will any
of these interactors offer novel targets for therapeutic interven-
tion in AD or in other diseases associated with mis-metabolism
of APP such as fragile X syndrome (64)? These recent reports of
novel APP secretases and interactors open up the field and
underline that further research is needed before we fully under-
stand the complexities of APP proteolytic processing and the
roles of its various metabolites in health and disease.
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This ninth Metals in Biology Thematic Series deals with the
fundamental issue of why certain enzymes prefer individual
metals. Why do some prefer sodium and some prefer potas-
sium? Is it just the size? Why does calcium have so many regu-
latory functions? Why do some proteins have an affinity for
zinc? How is the homeostasis of calcium and zinc achieved? How
do enzymes discriminate between the similar metals magne-
sium and manganese? Four Minireviews address these and
related questions about metal ion preferences in biological
systems.

This is the ninth in the Metals in Biology Thematic Series
of this Journal, a series that began in 2009 (1– 8). The previous
Thematic Series have covered a wide variety of topics related to
the biological relevance of metals. Roughly 40% of all proteins
crystallized to date have a metal bound somewhere and thought
to be relevant to function (9). Thus, our knowledge of how
enzymes work would be severely restricted without under-
standing what these metal ions do. In my own graduate course,
I teach that metals can play structural roles in proteins, that
many have oxidation-reduction capacity, and that they func-
tion in the active sites of enzymes by helping to position and
activate substrates for reactions. Because of their positive
charges, they act as “superacids,” in that they are not inherently
sensitive to pH changes.

Enzymes are highly selective in which metals they use, and
even when an enzyme can use multiple metals, there is a differ-
ence in biological activity when a certain one is present, e.g.
DNA polymerases (10). Replacement of one metal by another
can be the basis of toxicity in some cases. Many enzymes use
multiple metals at once, in different sites. This Thematic Series
will explore the molecular basis for metal specificity in proteins.

The first Minireview, by Gohara and Di Cera (11), discusses
monovalent cations and the selectivity for sodium versus potas-
sium ions. As in other cases, new insights into protein structures
have provided valuable information about metal preferences and
function. Enzymes discussed in this Minireview include kinases,
chaperones, phosphatases, aldolases, recombinases, dehydroge-

nases and ribokinase, dialkyl glycine decarboxylase, tryptophan
synthase, thrombin, and Na/K-ATPase.

The second Minireview in the Thematic Series, by Carafoli
and Krebs (12), deals with the divalent metal calcium and its
prominence in biochemistry. Calcium may seem to be an
enigma, at least at first glance. Many proteins are highly
selective for calcium when compared with magnesium,
which is in the same row in the periodic chart but smaller,
although physiological concentrations of magnesium are
generally much higher. Calcium is also highly compartmen-
talized in cells, and a breakdown of the pumps that maintain
the gradients can lead to cell apoptosis and toxicity. Calcium
sensor proteins, e.g. EF-hand proteins, are involved in the
regulation of calcium homeostasis in cells. Calcium-binding
proteins discussed here include EF-hand, calmodulin, and
stromal interaction molecule-1 (STIM1), plus S-100 pro-
teins and ATPases.

In the third Minireview in the Thematic Series, Capdevila,
Wang, and Giedroc (13) discuss zinc selectivity in relation to
host-pathogen warfare, a topic discussed in the seventh Metals
in Biology series (7). Zinc, termed the foremost of nature’s
Lewis acids, has been reported to be present in 10% of all human
proteins, and �200 enzymes use zinc for catalytic and struc-
tural function (13). Zinc homeostasis is highly regulated, in the
context of protein affinity, transport, and storage proteins.
These biological considerations are relevant to zinc in both the
host and invading bacteria.

The fourth and final Minireview in this Thematic Series,
written by Vashishtha, Konigsberg, and Wang (10), deals with
DNA polymerases and their metal specificity. All DNA
polymerases (and numerous other nucleic acid processing
enzymes) require divalent metal ions. In general, this divalent
metal is magnesium. However, manganese, cobalt, and calcium
can support activity of some DNA polymerases under certain
conditions, but the general pattern is that the alternate metals
decrease fidelity. However, translesion DNA polymerase � pre-
fers manganese over magnesium (14, 15). The reasons for metal
ion selectivity are structural, and details about the process are
becoming available.

In summary, the selection of metals for biological tasks is not
arbitrary. Proteins (and nucleic acids) can sense small differ-
ences among metals, in many cases even when a similar metal is
present at a much higher concentration. As structural data and
other insights become available, we will learn more about how
this selectivity is achieved.

We hope that you will enjoy reading these four Minire-
views and that you will learn something new about the roles
of metals in biological systems. Finally, I welcome sugges-
tions for the next Metals in Biology Thematic Series.
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Regulation of enzymes through metal ion complexation is
widespread in biology and underscores a physiological need for
stability and high catalytic activity that likely predated proteins
in the RNA world. In addition to divalent metals such as Ca2�,
Mg2�, and Zn2�, monovalent cations often function as efficient
and selective promoters of catalysis. Advances in structural biol-
ogy unravel a rich repertoire of molecular mechanisms for
enzyme activation by Na� and K�. Strategies range from short-
range effects mediated by direct participation in substrate bind-
ing, to more distributed effects that propagate long-range to
catalytic residues. This review addresses general considerations
and examples.

A large fraction of known proteins are metalloproteins (1),
and regulation of enzyme activity through metal ion complex-
ation is widespread in biology. When dealing with protein-
metal complexes, examples that come to mind are the impor-
tant role of divalent metals such as Fe2� in redox cycles (2),
Ca2� in structural stability and signaling (3), or Zn2� in catal-
ysis (4). Less appreciated by biochemists is the key contribution
that monovalent cations (M�)2 such as Na� and K� often play
in enzyme-catalyzed reactions (5, 6). Indeed, many enzymes in
plants and the animal world utilize the abundance of Na� in
physiological fluids or K� inside the cell as a source of chemical
potential to broker substrate binding and catalysis (7, 8). The
large availability of Na� and K� makes high affinity unneces-
sary. The highest affinity reported for a protein-M� interaction
is in the 0.08 – 0.6 mM range (9), comparable with that mea-
sured for ion channels (10) and ATP-driven ion pumps (11).
Likewise, ion selectivity is strictly not required for M� activa-
tion. However, some enzymes are capable of exquisite discrim-
ination and are only active in the presence of K� but not Na�, as
pyruvate kinase (12), GroEL (9), and Rad51 (13), or in the pres-
ence of Na� but not K�, as �-galactosidase (14). Exactly how

Na� and K� promote enzyme activation at the molecular level
has long been a focus of investigation.

General Considerations

M� activation manifests itself as a hyperbolic increase in the
rate of substrate hydrolysis that obeys the law of mass action (6).
Replacement of M� with a bulky alkyl ammonium such as cho-
line serves as a necessary control to establish that activation is
specific and not due to changes in ionic strength. The indepen-
dent Michaelis-Menten parameters kcat and kcat/Km become of
interest in the context of available structural information. In
general, the midpoint of the hyperbolic dependence of kcat on
[M�] measures the equilibrium dissociation constant for M�

binding to the enzyme-substrate complex. The midpoint of the
dependence of kcat/Km on [M�] yields an approximate measure
of the equilibrium dissociation constant for M� binding to the
free enzyme. The extent of activation and comparison of
the midpoints of kcat and kcat/Km define the thermodynamic
coordinates that link M� and substrate recognition.

M� complexation benefits enzyme-substrate interaction and
catalysis in some general ways, independent of the specific
mechanism of activation. M� binding is typically associated
with a large entropy cost required for ordering the site of com-
plexation, as shown by Na� binding to thrombin (15). The
effect contributes a more favorable entropy balance when sub-
strate binds to the M�-bound form as compared with the
M�-free form. M� complexation also propagates entropic ben-
efits to the entire structure of the enzyme by selecting more
ordered and catalytically active conformations from an ensem-
ble dominated by disordered and poorly active conformers.
This is documented in clotting proteases (16, 17), inosine
monophosphate dehydrogenase (18), several �-amylases (19 –
21), and kinases (22, 23), and is a determining factor of ion
selectivity in the Streptomyces lividans K� channel (10). ATP-
driven sequential switching between Na�-specific and K�-spe-
cific conformations drives ion transport in the Na/K-ATPase
(11, 24).

Specific components of the mechanism of M� activation
may be identified from structural analysis. The locale for M�

binding pinpoints the origin of a transduction pathway that
eventually influences residues of the active site and produces
enhanced catalytic activity. The coordination shell of the bound
M� is composed mainly of O atoms from the protein backbone
and water molecules. Six ligands are common for Na� with
average Na�–O distances of 2.4 � 0.2 Å, but K� prefers six or
seven ligands with average K�–O distances of 2.8 � 0.3 and
2.9 � 0.3 Å, respectively, due its larger ionic radius (Fig. 1).
M�–O distances and coordination optimize the ion-specific
valence of the binding site (25).

Activation is defined as Type I when M� is in direct contact
with substrate, or Type II when M� binds to a separate site (5).
Although M� binding is necessary for activation, it is certainly
not sufficient. The initial M� binding event must be transduced
into enhanced catalytic activity to produce a biological effect.
Binding and transduction are mediated by the same locale in
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Type I activation where the bound M� is a key determinant of
substrate recognition. Diol dehydratase (26) and pyruvate
kinase (27) offer two relevant examples. Separation of M� and
substrate binding sites in Type II activation poses the additional
challenge of identifying the pathway of transduction. Commu-
nication between M� and the active site may be traced to spe-
cific residues from inspection of the crystal structure, as in dial-
kylglycine decarboxylase (28), or may be long-range and more
difficult to dissect as in thrombin (29).

Type I Activation

In Type I activation, the M� anchors substrate to the active
site of the enzyme, often acting in tandem with divalent cations
such as Mn2�, Mg2�, or Zn2�. Numerous examples of this syn-
ergism as a staple of M� activation cover structural effects that
are local on the active site or extend to other regions of the
enzyme. Typically, the requirement for M� is absolute. Two
subgroups should be distinguished based on whether M� is
needed for substrate binding (Type Ia) or hydrolysis (Type Ib).
Type Ia activation is associated with a value of kcat independent
of [M�] and a value of kcat/Km that increases hyperbolically
with [M�] (6). Diol and glycerol dehydratases are the simplest
examples of Type Ia activation (26, 30). The absolute require-
ment for K� (31) is explained by the crystal structure bound to
propanediol (Fig. 2A): K� is coordinated by five ligands from
the protein and functions as bait for two hydroxyl O atoms of
substrate (26, 30, 32). The activity of �-galactosidase is
enhanced preferentially by Na� over K� (14), and synergy with
Mg2� secures substrate binding to the active site (33, 34).
Changes in kcat/Km and kcat for the hydrolysis of para-nitrophe-
nyl-�-D-galactopyranoside are 16-fold and only 2-fold, respec-
tively (35), suggestive of Type Ia activation. Far more common
is Type Ib activation, where both kcat and kcat/Km increase
hyperbolically with [M�] (6). This is the case reported origi-
nally for pyruvate kinase (36) and encountered in many other
enzymes.

Kinases

Pyruvate kinase, an allosteric tetrameric enzyme of the gly-
colytic pathway catalyzing the conversion of phosphoenolpyru-
vate and ADP to pyruvate and ATP, was the first reported
enzyme to require K� for catalytic activity (12), in addition to
two Mn2� or Mg2�. Structural biology reveals how the cations
cooperate and enable substrate binding to the active site (27,
37). Mn2� anchors substrate via its carboxylate and phosphoe-
ster O atoms to the carboxylate O atoms of Glu242 and Asp266,
whereas K� increases electrostatic coupling of the phosphate
group by screening the carboxylate O of Asp84. The critical role
of K� creates very favorable conditions for the transfer of the
phosphate group from substrate to ATP. Although a convinc-
ing case can be made for the key role of K� in the activation of
pyruvate kinase, the strong preference of K� over Na� as an
activator remains puzzling, given that the Na�-bound structure
shows no significant changes in the architecture of the active
site (38).

Coordination of substrate coupled to ordering of the struc-
ture explains K� activation in branched-chain �-ketoacid de-
hydrogenase (BCKD) kinase (22) and pyruvate dehydrogenase
kinase (23). These mitochondrial serine protein kinases belong
to the GHKL ATPases that also comprise gyrase, Hsp90, bacte-
rial histidine kinase CheA ,and the DNA mismatch repair pro-
tein MutL involved in DNA metabolism, protein folding, and
signal transduction. All crystal structures available for this class
of enzymes show Mg2� bound to the O�1 atom of a conserved
Asn and to the triphosphate moiety of ATP. K� sits on the
opposite side of ATP relative to Mg2�, rather than in cis as in
pyruvate kinase, and bridges one O atom of the phosphate moi-
ety of TP to typically four protein atoms (Fig. 2B). Comparison
of the structures of BCKD kinase in the apo form and bound to
ATP reveals how K� stabilizes an entire segment of the protein
from His302 to Phe336 that is completely disordered in the apo
form. Similar observations have been reported for pyruvate de-
hydrogenase kinase (23).

FIGURE 1. M� coordination in proteins. The graphs show M� and water coordination with O atoms participating in interactions for each coordination number
from 4 (blue), 5 (red), 6 (green), 7 (purple), to 8 (orange). All structures annotated as containing Na� (4,838) or K� (1,534) in the Research Collaboratory for
Structural Bioinformatics (RCSB) as of May 2016 were analyzed. Interactions related by symmetry were included (�1% of all observations). A single ionic bond
equals one observation. O atoms within ligating distance represent the vast majority (79,567), followed by N atoms (5,711), K� (1,030), and S atoms (302), with
the remaining observations coming from other atom types. Water was the most commonly observed ligating residue (23,304) followed by Asp (7,144), Thr
(5,613), Glu (5,289), and Ser (4,497), with all remaining observations coming from other protein residues or ligands. A, Na�–O coordination. The average bond
distance across all coordination numbers is 2.4 � 0.2 Å when only distances between 2.0 and 2.7 Å are considered (31,675), and 2.6 � 0.3 Å for the entire range
(47,892). For coordination numbers 4 and 5, there is a secondary peak around 2.75 Å, suggesting possible misidentification of water molecules as Na�. B, K�–O
coordination. The average bond distances for coordination numbers 6 and 7 are 2.8 � 0.2 and 2.9 � 0.3 Å, respectively, over the entire range (20,494). C,
water–O coordination. The coordinations of all crystallographic waters in the data set used for Na� and K� analysis (1,067,258) were calculated for comparison.
For coordination number 4, shoulders around the peak correspond approximately to distances of 2.7 and 3.2 Å. The 2.7 Å shoulder is consistent with the
secondary Na�–O peaks observed for coordination numbers 4 and 5, suggesting that stronger peaks in electron density maps and longer bond distances may
refer to water molecules.
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Pyridoxal kinase is a member of the ribokinase superfamily
involved in the ATP-dependent phosphorylation of pyridoxal
to provide pyridoxal 5�-phosphate (PLP), a widely used coen-
zyme. The enzyme requires K� and Zn2� as absolute cofactors
(39), and the crystal structure reveals how K� assists formation
of the enzyme-substrate complex through interactions with a
negatively charged phosphate moiety (40).

GroEL and Hsc70

GroEL is an allosteric tetradecameric protein composed of
two stacked heptamers that define a large central cavity when in
complex with GroES (41). The activity of GroEL is influenced
by Mg2� and has an absolute requirement for K� (9), as seen in
pyruvate kinase. NH4

� and Rb� partially substitute for K�, but
Li�, Na�, or Cs� are poor activators. The crystal structure of
GroEL bound to ATP reveals Mg2� and K� acting in tandem to
assist binding of ATP to the protein (Fig. 2C).

Two K� in tandem with Mg2� influence catalysis in the
molecular chaperone Hsc70 (42), a member of the heat shock
family of proteins involved in the binding and release of poly-
peptides linked to ATP hydrolysis (43). Similar to GroEL and
pyruvate kinase, the ATPase activity of Hsc70 is optimal in the
presence of K� and is minimal in Na� (44). Crystal structures of
a fragment of Hsc70 retaining M� activation are available in the
presence of Na� (45) and K� (42) and explain the functional
difference between these M�, unlike the case of pyruvate kinase
discussed above. K� provides optimal electrostatic coupling for
the phosphate moiety of substrate and optimizes the register
for docking in the enzyme active site and formation of the tran-
sition state. The function is assisted by a divalent cation, Mg2�

in this case, that forms a �,�-bidentate complex with ATP
favoring nucleophilic attack on the P�. The phosphate moiety
of ADP is forced to clash within the active site when K� is
replaced by Na� (45, 46).

Phosphatases and Aldolases

Synergism between K� and Mg2� is also observed in fruc-
tose-1,6-bisphosphatase (47) and S-adenosylmethionine syn-
thase (48). Fructose-1,6-bisphosphatase is a key enzyme of glu-

coneogenesis and catalyzes the conversion of �-D-fructose 1,6-
bisphosphate to �-D-fructose 6-phosphate. The enzyme has an
absolute requirement for Mg2�, but the activity is further
enhanced by K� and inhibited by Li� (49). K� anchors the
substrate to the active site and assists the role of two neighbor-
ing Mg2� located in cis, as for other enzymes catalyzing phos-
phoryl transfer. K� replaces the guanidinium group of Arg276

and polarizes the phosphate group for nucleophilic attack. The
inhibitory role of Li� is due to replacement of one of the two
Mg2� (47).

S-Adenosylmethionine synthase catalyzes the formation of
S-adenosylmethionine from ATP and Met and provides the
most widely used methyl donor in biology. The enzyme has an
absolute requirement for Mg2� and K� (50). Substantial crys-
tallographic work has been carried out on this enzyme in com-
plex with various substrates, cofactors, and inhibitors (51). In
the presence of an ATP analog and the substrate Met, the struc-
ture reveals two Mg2� and K� in the active site anchoring the
phosphate moiety of the cofactor (48). The architecture is sim-
ilar to that of pyruvate kinase and BCDK and explains the abso-
lute requirement of K� for activation.

Class II aldolases such as fructose-1,6-bisphosphate aldolase
(52) and tagatose-1,6-bisphosphate aldolase (53) use a similar
strategy for optimization of substrate docking by pairing Na�

with Zn2�. Notably, tagatose-1,6-bisphosphate is the only
example where the coordination shell of Na� involves a cat-
ion-� interaction.

Recombinases

Repair of double-stranded DNA breaks or stalled replication
forks and homologous gene recombination involve several M�

activated members of the recombinase superfamily. The activ-
ity of bacterial RecA, archaeal RadA, or archaeal and eukaryal
Rad51 depends on ATP and Mg2�, but also requires K� in the
case of human and yeast. In the Rad51 homolog from Metha-
nococcus voltae, the requirement for K� is absolute (13). The
crystal structure of MvRadA has been solved in the presence of
an ATP analog and Mg2�, with and without K� (13, 54). The
structures reveal a typical arrangement of Mg2� and two K� in

FIGURE 2. Type I activated enzymes. A, diol dehydratase (Protein Data Bank (PDB) ID 1DIO) has K� (yellow sphere) coordinated by five ligands from the protein
and acting as bait for the two hydroxyl O atoms of substrate propanediol. B, BCKD kinase (PDB ID 1GJV) shown with substrate, relevant residues, K� (yellow
sphere), and Mg2� (green sphere) bound to the O�1 atom of a conserved Asn and to the triphosphate moiety of ATP. C, GroEL (PDB ID 1KP8) shown with
substrate, relevant residues, K� (yellow sphere) and Mg2� (green sphere). Nucleophilic attack on the P� of ATP is mediated by Asp52.
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the active site that polarize the P� of ATP. Each K� bridges an
O atom from the P� and a carboxylate from the protein, but also
makes extensive contacts at the dimer interface formed upon
assembly of the MvRadA filament that explain the absolute
requirement for K�. Notably, binding of K� in the active site
produces long-range conformational ordering of the putative
single-stranded DNA binding domain, establishing a link
between M� binding and selection of functionally active
conformations.

Type II Activation

In Type II activation, M� binds to a site not in direct contact
with substrate and enhances enzyme activity through confor-
mational transitions. Unlike Type I activation, the requirement
for M� is less stringent. Measurements of kcat and kcat/Km as a
function of [M�] document a hyperbolic increase in both
parameters that is difficult to distinguish from Type Ib activa-
tion without independent insight from structural biology (6). A
relevant example is the large (�100-fold) K�-induced increase
in activity from a minuscule baseline level reported for inosine
monophosphate dehydrogenase from Tritrichomonas foetus
(55). In general, Type II activation poses challenges to struc-
tural interpretation as the underlying mechanism becomes
more difficult to resolve the greater the spatial separation
between M� and residues of the active site.

Ribokinase and a Path to Type II Activation

Ribokinase breaks the typical K�-Mg2� tandem of kinases
obeying Type I activation and sequesters K� in a �-turn adja-
cent to the active site, but separated from the solvent and sub-
strate (56) (Fig. 3A). The same arrangement is used by aminoim-
idazole riboside kinase (57). Lack of information on the
structure of the apo form makes it difficult to identify the struc-
tural determinants responsible for enhanced catalytic activity.
A recent structural analysis of ribokinase from Vibrio cholerae
shows significant conformational changes induced by Na�

binding that also acts as a preferred activator (58). It is tempting
to speculate that these enzymes may represent end points of an

evolutionary pathway where coordination of the phosphate
moiety of ATP transitions from direct binding to M� (Type I
activation) to complete separation from the M� (Type II acti-
vation). A possible intermediate in this transition is MutL, an
enzyme whose broad M� specificity has so far eluded structural
interpretation (59).

Dialkylglycine Decarboxylase

Dialkylglycine decarboxylase is a PLP-dependent enzyme
capable of both decarboxylation and transamination. Activity
depends on K�, with Na� producing modest enhancement
(60). The enzyme is composed of four identical subunits, each
containing a PLP binding domain and N-terminal and C-termi-
nal domains. Active sites in the tetramer are close to each other
and formed by residues from both monomers of a tightly
assembled dimer. The resulting tetramer is formed by two such
dimers associated symmetrically. Crystal structures of the
enzyme solved in the presence of K� and Na�, with PLP bound
to the active site, reveal the mechanism of M� activation and
the need for K� over Na� (28, 61). K� binds to O�1 of Asp307,
O� of Ser80, and the carbonyl O atoms of Leu78, Thr303, and
Val305 near the dimer interface where PLP binds. A water mol-
ecule completes the octahedral coordination shell (Fig. 3B).
When Na� is bound to this site, a water molecule replaces
Thr303 and Ser80 in the coordination shell around the smaller
M�. The O� of Ser80 relocates and causes the phenyl ring of the
active site residue Tyr301 to adopt a conformation no longer
favorable for substrate binding. This is a simple and elegant
example of how the architecture of the M� binding site is pre-
cisely tailored for K� and not Na� to optimize communication
with nearby residues of the active site. A similar strategy is used
by other PLP-dependent enzymes such as Ser dehydratase (62),
tryptophanase, and tyrosinase (63, 64), for which K� is abso-
lutely required for activity and Na� acts as a poor activator.

Dehydrogenases

Two K� binding sites have been identified in BCKD. One site
controls binding of thiamine diphosphate, and the other, also

FIGURE 3. Type II activated enzymes. A, ribokinase (PDB ID 1GQT) shown with substrate, relevant residues, and Cs� (yellow sphere) that plays a functional role
analogous to K�. The bound M� is sequestered from solvent and contact with substrate, the ATP analog phosphomethylphosphonic acid adenylate ester
(ACP). B, dialkylglycine decarboxylase (PDB ID 1DKA) shown with substrate, relevant protein residues, and K� (yellow sphere). When Na� replaces K� in the site,
a structural rearrangement brings the O� of Ser80 in conflict with the phenyl ring of Tyr301 that adopts a new conformation incompatible with substrate
binding. C, Trp synthase (PDB ID 1BKS) shown with relevant protein residues and Na� (yellow sphere) that binds to the � subunit, away from substrate and PLP,
but near the tunnel that shuttles the indole for complexation with L-Ser.
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found in pyruvate dehydrogenase (65), stabilizes the quaternary
structure (66). The BCKD catalytic machine is a member of the
highly conserved mitochondrial �-ketoacid dehydrogenase
complexes including the BCKD complex (BCKDC), the pyru-
vate dehydrogenase complex (PDC), and the �-ketoglutarate
dehydrogenase complex (67). The BCKDC contains multiple
copies of BCKD, as well as a dihydrolipoyl transacylase, the
BCKD kinase, and phosphatase. The activity of BCKD and
BCKDC is abolished by phosphorylation of Ser292, which pro-
motes an order-disorder transition in the phosphorylation loop
of BCKD (68). BCKDC utilizes the entire repertoire of K� bind-
ing sites found in BCKD (66) and its kinase (22). The crystal
structure of BCKD bound to thiamine diphosphate shows two
K� binding sites in crucial positions, with one separated from
cofactor and substrate that is most likely responsible for
enzyme activation. The second K� site has a structural role and
maintains the tetrameric assembly of BCKD (66). This second
site is also found in pyruvate dehydrogenase, where the first K�

is constitutively replaced by a pair of H-bonds (65).

Trp Synthase

Among the enzymes utilizing PLP-mediated catalysis, Trp
synthase has been studied in great detail both structurally and
kinetically (69). Trp synthase is a tetramer with the subunits
arranged in a linear ���� fashion. The � subunit catalyzes
cleavage of indole 3-glycerol phosphate (IGP) to glyceraldehyde
3-phosphate (G3P) and indole, which is then tunneled to a
neighboring � subunit that catalyzes condensation of indole
with L-Ser to give L-Trp. The enzyme requires Na� or K� for
optimal catalysis (70, 71). M� coordination increases catalytic
activity 30-fold by affecting the distribution of intermediates
along the ground and transition state. Crystal structures of Trp
synthase bound to Na� or K� show that the M� does not con-
tact substrate or PLP and binds the � subunit near the tunnel
that shuttles the indole for complexation with L-Ser (72). Bind-
ing to the active site in the � subunit displaces Na� from its site
in the � subunit through an allosteric communication involving
the salt bridge between Asp56 in the � subunit and Lys167 in the
� subunit (73). When Na� is bound (Fig. 3C), Asp305 in the �
subunit assumes two possible orientations, one in contact with
Lys167 and the other rotated away from this residue. In the K�

structure, Lys167 flips 180° and engages Asp56 in the � subunit,
thereby establishing a critical communication within the ��
dimer. Changes are propagated to the tunnel that is partially
blocked by the bulky side chains of Phe280 and Tyr279 in the Na�

form, but is more open in the K� form. Significant changes are
confirmed by more recent structures solved in the presence of
Na� and Cs� (74).

Thrombin

The stimulatory effect of Na� on the activity of some clotting
factors has been known for a long time (75–77). A simple struc-
ture-function link identifies the presence of Tyr225 near the
Na� binding site (29) as a necessary determinant of Na� acti-
vation in the entire family of trypsin-like proteases (78). Na�

binding shifts the pre-existing equilibrium of the trypsin-fold
between active and inactive conformers and produces specific
changes that promote substrate binding and catalysis (16, 17),

rigidify the structure (79), and increase thermal stability (80).
The Na� binding site is located �15 Å away from residues of
the catalytic triad within loops that control the primary speci-
ficity of the enzyme (Fig. 4). The structural determinants of this
long-range communication offer an instructive example of
allosteric control that has eluded x-ray structural biology (81)
and even NMR measurements (79), unlike the cases of dialkyl-
glycine decarboxylase or Trp synthase. A clear separation of
roles exists between residues responsible for Na� binding and
those transducing this event into enhanced catalytic activity in
thrombin and other clotting proteases. In this case, site-di-
rected mutagenesis and linkage analysis are uniquely suited to
arrive at the mechanism of activation.

The bound Na� in thrombin is octahedrally coordinated by
two backbone O atoms from Arg221a and Lys224 and four buried
water molecules anchored to the side chains of Asp189, Asp221,
and the backbone O atoms of Gly223 and Tyr184a (Fig. 4A).
Mutagenesis of residues in immediate proximity to the site,
such Asp189 (Fig. 4B), results in significantly (�10-fold)
reduced Na� affinity and weakened activation (81). Other
mutations do not affect Na� binding, yet abrogate Na� activa-
tion (Fig. 4B). They involve residues strategically positioned
along the corridors of communication between the Na� site
and the active site: Asp221 supports one of the waters in the
coordination shell (81), the backbone N atom of Asn143 makes
an important H-bond interaction with the backbone O atom of
Glu192 that ensures a correct architecture of the Glu192-Gly193

peptide bond organizing the oxyanion hole (82), and Ser195 is a
member of the catalytic triad (83). Asp221 functions as the initial
reporter of the bound Na� and transmits information to the
neighbor Cys191-Cys220 disulfide bond that splits the signal
toward the active site along the Cys191-Asp194 and Ser214-
Cys220 corridors. Additional positive contributions to the Na�

effect come from Asp194, which stabilizes the fold by H-bond-
ing to the new N terminus generated after zymogen activation,
and Trp215, which is involved in the pre-existing equilibrium
between active and inactive forms of the enzyme. A negative
contribution comes from Ser214 that H-bonds to the catalytic
Asp102. Removal of the side chain of Ser214 significantly
enhances the Na� effect. The end point of transduction along
the two corridors is the rotamer of the catalytic Ser195 itself, as
assessed by the complete loss of Na� activation in the S195T
mutant of thrombin and other clotting proteases such as acti-
vated protein C and factor Xa (83). The Thr replacement con-
strains mobility of the O� nucleophile within the active site.
The Na� effect of thrombin is the result of direct communica-
tions and more distributed dynamic components.

Na/K-ATPase

A similar interplay between long-range conformational tran-
sitions and direct pathways of communication is observed in
the Na/K-ATPase, a ubiquitous ATP-driven ion pump within
the family of P-type ATPases (11, 24, 84). Na� and K� bind at
sites separate from ATP binding and phosphorylation, which
require Mg2� as a cofactor. During a catalytic cycle of ATP
hydrolysis, the pump switches from the K�-specific E2 form to
the Na�-specific E1 form by adjusting the ligation distances and
coordination of the M� at the same set of sites and changing
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their orientation rather than moving the M� from one site to
another. In the E2 form, two dehydrated K� are bound and
orientation is toward the extracellular phase. In the alternative
E1 form bound to ATP, the geometry is suitable for coordina-
tion of three dehydrated or partially dehydrated Na� ions and
the sites are oriented toward the cytoplasm. Communication
between the M� binding sites and the site of phosphorylation in
the P domain is mediated by long-range conformational tran-
sitions the involve the transmembrane domain of the ATPase.

Evolutionary Origins

Structural biology also provides a framework to understand
the evolutionary origin of M� activation. Widespread occur-
rence of enzymes activated by M� in plants and the animal
world underscores a physiological need for stability and high
catalytic activity that likely predated proteins in the RNA world.
Mg2� stabilizes tRNA structures and assists phosphoryl trans-
fer reactions in ribozymes (85, 86). However, RNA catalysis
may have required M� to broaden its chemical repertoire (87),
as suggested by the architecture of the rRNA of the large ribo-
somal subunit from the archaeon Haloarcula marismortui (88).
In small ribozymes, such as the hammerhead, hairpin, and
Varkud satellite, M� are sufficient to stimulate catalysis even in
the absence of divalent metal ions and stabilize a catalytically
competent conformation (89 –91). With the emergence of pro-
teins, stability in high temperatures or salinity became key to
extremophiles and revealed the thermodynamic benefit of a
more ordered structure for catalysis. The formyltransferase of
the archaeon Methanopyrus kandleri utilizes high concentra-

tions of K� for activity and thermostability (92). Na� binding
sites have been reported in archaeal dehydrogenases (93, 94)
and aldehyde ferredoxin oxidoreductase of the hyperthermo-
phile Pyrococcus furiosus (95). The architecture of these sites
has been retained during evolution (6). Carbonic anhydrase of
the halophile alga Dunaliella salina carries an added loop for
specific Na� binding that confers stability and resistance to
high salinity (96). The loop is strikingly similar to the Na� bind-
ing loop of thrombin (6), an enzyme that emerged much later
from the deuterostome lineage and that utilizes Na� not only
for stability but also for optimal physiological function.

Conclusion

Much has been learned about the structural determinants of
enzyme activation by M�. We currently understand several
mechanisms to promote catalysis and how the biological abun-
dance of Na� and K� has been strategically utilized during
evolution. Much remains to be learned from the subtlety of M�

activation in some systems. Structural biology pinpoints likely
players, but their interconnectedness may be complex and
often involves more distributed, dynamic properties of the pro-
tein. That explains why switching M� specificity (15, 97) or
engineering M� activation de novo in protein scaffolds devoid
of such a property (98) requires a large number of amino acid
substitutions. Achieving high activity by mimicry M� activa-
tion is no simpler, as shown by nature’s unique success with
actin (99) and murine thrombin (100). Engineering proteins for
optimal catalysis may benefit a great deal from increased atten-
tion to the structural determinants of M� activation.

FIGURE 4. Molecular mechanism of Na� activation in thrombin. A, structural determinants of Na� activation in thrombin (PDB ID 1SG8). Shown are the Na�

(yellow sphere) coordination shell with water (red spheres) and relevant protein residues. Na� binding is detected by Asp189 and Asp221 and then channeled
through the corridors Cys191-Asp194 and Ser214-Cys220 to the catalytic residues Asp102 and Ser195. The rotamer of Ser195 is the end point of the Na� effect, as
demonstrated by the properties of the S195T mutant in panel B. The spatial separation of key residues responsible for transduction of the Na� effect (arrows)
underscores the contribution of backbone dynamics and overall conformational changes. B, contribution to Na� activation of thrombin from residues in the
two corridors Cys191-Asp194 and Ser214-Cys220 connecting the Na� site to the catalytic residues Asp102 and Ser195 (see also panel A; thrombin has no residue
218). Three residues are of particular importance, as their mutation has no effect on Na� affinity but abrogates Na� activation (81– 83): Asp221 supports one of
the waters in the coordination shell, Asn143 stabilizes the functional conformation of the backbone N atom of Gly193 in the oxyanion hole, and Ser195 is a
member of the catalytic triad.
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Calcium carries messages to virtually all important functions
of cells. Although it was already active in unicellular organisms,
its role became universally important after the transition to
multicellular life. In this Minireview, we explore how calcium
ended up in this privileged position. Most likely its unique coor-
dination chemistry was a decisive factor as it makes its binding
by complex molecules particularly easy even in the presence of
large excesses of other cations, e.g. magnesium. Its free concen-
tration within cells can thus be maintained at the very low levels
demanded by the signaling function. A large cadre of proteins
has evolved to bind or transport calcium. They all contribute to
buffer it within cells, but a number of them also decode its mes-
sage for the benefit of the target. The most important of these
“calcium sensors” are the EF-hand proteins. Calcium is an
ambivalent messenger. Although essential to the correct func-
tioning of cell processes, if not carefully controlled spatially and
temporally within cells, it generates variously severe cell dys-
functions, and even cell death.

At the beginning, life on earth consisted of single cells that
were capable of carrying out all vital functions. The interplay
with other cells was largely limited to the competition for nutri-
ents. Unicellularity was clearly successful, as shown by the fact
that unicellular organisms are actually still predominant today.
Nevertheless, at a time which was generally estimated to be at
600 –700 million years ago, but which is now being pushed back
to more than 2 billion years ago (1, 2), competition was replaced
by cooperation, and multicellular life evolved. It had somehow
become advantageous for cells to work together rather than to
live alone. Cells became gradually organized into structures in
which they learned to perform different tasks and to cooperate
in the division of labor. Cooperation naturally demanded the
communication of cells with each other, i.e. it demanded the
development of agents that could exchange messages between
cells. As the complexity of the multicellular organization
increased, so did the number of cells with distinct functional
tasks. The number of intercellular signaling molecules and the
degree of their complexity increased in parallel. A basic tenet of

life is regulation. Thus, all vital functions within the cells are
regulated. Indeed, they are also regulated in unicellular organ-
isms. However, the transition to multicellular life brought with
it the intercellular exchange of messages as an additional, and
essential, regulation category.

Calcium, the third most abundant metal in nature, was amply
available to cells from the beginning, and was adopted as a reg-
ulator at an early evolutionary stage. The basic principles of
calcium regulation were already present in prokaryotes and
protists (3, 4), but calcium regulation gradually grew to cover
nearly all aspects of cell function after the transition to multi-
cellularity. Naturally, agents that carry messages to intracellular
targets must be maintained within cells at very low basal levels,
to prevent prohibitive energy expenses to modulate their con-
centration as demanded by the signaling function. The concen-
tration of complex signaling molecules is regulated by biosyn-
thesis and degradation. The means chosen by evolution to
regulate calcium within cells was its reversible binding to spe-
cifically developed molecules. Here, calcium had a decisive
advantage over the other metals present in the primordial
ambient, chiefly over magnesium, which was far more abun-
dant in the seawater where life had begun (5).

Chemical Properties of Calcium

The advantage of calcium was its peculiar coordination
chemistry. The interaction of metals, including calcium, with
coordinating ligands is determined by a number of properties:
1) the valency (i.e. the charge of the metal); 2) the ionic radius; 3)
the so called polarizability, which defines the aptitude of the
metal electron cloud to be distorted by external electrical forc-
es; 4) the hydration energy (i.e. the ease with which the water
molecules are stripped off the metal); and 5) the radius of the
hydrated metal ion, which determines the charge density.
Taken together, these properties explain why calcium is readily
accepted by sites of irregular geometry, such as those offered by
the complex molecules (proteins) developed by evolution (6, 7),
and why these sites would not, for instance, accommodate mag-
nesium (Fig. 1). The coordination flexibility of calcium (the
coordination number is usually 6 – 8, but up to 12 is possible)
and its variable bond length and angle are at sharp variance with
those of magnesium, which, because of its smaller size (0.65 as
compared with 0.99 Å) and much lower polarizability, requires
a fixed octahedral geometry with six coordinating ligands and
minimal bond length variability (Fig. 1). In sites offered by pro-
teins, calcium ligation usually occurs via carboxylates (mono-
or bidentate) or neutral oxygen (oxygen is the preferred ligand).
In these sites, calcium is generally bound by seven oxygen
atoms in a conformation that is best represented by a pentago-
nal bipyramid.

The evolutionary choice of calcium as a carrier of signals thus
exploited the ease of decreasing its concentration within cells,
which in most cytosols oscillates in the low-to-mid nM range.
Here, a point of general importance becomes obvious. The low-
ering of the cellular calcium concentration, in addition to being
required for the efficient signaling function, was an evolution-
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ary necessity, dictated by the early choice of phosphate as the
energy currency of life. Calcium phosphate salts, unlike those of
magnesium, have poor solubility, and would have made phos-
phate-based bioenergetics impossible in the presence of mM

calcium concentrations within cells.

Calcium in Tissues and within Cells

In animal fluids and tissues, the concentration of calcium
varies between 2.1 and 2.6 mM (6), subdivided in three forms:
ionized, complexed to organic compounds, and bound to small
molecular weight inorganic molecules. The equilibrium among
these three forms in the fluids and in the extracellular spaces
may vary somewhat, but the proportion of ionized calcium
(Ca2�) is generally not distant from that of complexed calcium.
Total calcium concentration is also mM inside cells; however, in
the cytosol of most cells, the concentration of free calcium is
about 10,000-fold lower. Also, within cells, calcium is com-
plexed by inorganic compounds and low molecular weight
organic molecules. However, they normally bind calcium with
low affinity, and cannot lower its free concentration to the nM

range, which is needed for Ca2� to efficiently perform its sig-
naling function. The achievement of the nM concentration
demands the ligation of calcium by specific proteins that con-
tain sites with the necessary affinity and specificity for Ca2�(see
below). They belong to two broad classes. The first class con-

sists of proteins that are soluble in the cytoplasm, sequestered
inside cellular organelles, or organized in insoluble non-mem-
branous structures such as the cytoskeleton. They buffer Ca2�

to the nM range without modifying its total content in the cells.
Also, a number of these proteins, in addition to buffering Ca2�,
perform an additional task: they process its information. This is
a very important concept, which deserves an extended com-
ment. Ca2� can deliver the information to targets directly, as
enzymes may contain sites that bind it. As these sites bind Ca2�,
the activity of the enzyme increases or (more rarely) decreases
(Ca2� is not an active site metal; it is the allosteric metal par
excellence). However, in the majority of cases, the Ca2� mes-
sage is not transmitted to targets directly. Prior to this, it must
be decoded by Ca2� “sensor” proteins that bind it and conserve
its information in the form of a conformational change that is
then transmitted to the targets to which they bind. There are
also cases that could be considered as intermediate, i.e. some
target enzymes incorporate the sequence of a Ca2� sensor pro-
tein within their structure. The second class of proteins that
control cell Ca2� is intrinsic to membranes, and transports
Ca2� in or out of cells, or between the cytosol and the lumen of
the organelles. When the traffic of Ca2� occurs across the
plasma membrane, the ion obviously modifies its total cellular
content.

FIGURE 1. Top, properties of hydrated and un-hydrated Ca2� and Mg2�. Bottom, Ca2� and Mg2� coordination to an EF protein motif (hypothetical comparison).
The binding differences are determined by the chemical properties of the two metals described in Table 1, which explain the ease with which Ca2� accepts
binding sites of irregular geometry. Adapted from Ref. 7.
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Regulating Calcium Concentration

Calcium Binding and Sensor Proteins

The EF-hand

In 1973, Kretsinger and Nockolds (8) published the crystal
structure of parvalbumin, a Ca2�-binding protein that contained
the structural features that later became known as the EF-hand
motif (9). In this helix-loop-helix motif, a sequential arrangement
of about 30 amino acids ligates Ca2� with high affinity in a loop
flanked by two helical segments. Parvalbumin contains three EF-
hands, with a total of six � helices, A through F. The spatial orien-
tation of the fifth (E) and sixth (F) � helix, which enclose the Ca2�-
coordinating loop, resembles a hand, as shown in Fig. 2, top (10).
The EF-hand domain was later shown to be highly conserved in
cellular Ca2�-binding proteins, which contain a variable number
of EF-hand motifs. The family is steadily increasing, and presently
includes more than 800 proteins, with more than 100 three-di-

mensional structures solved. However, a precise function has not
been assigned to most of them (11).

Evolution of the EF-hand—Ca2�-binding proteins were
already developed in prokaryotic organisms (12, 13). The
analyses of prokaryotic genomes have shown the presence of
proteins with EF-hands and other Ca2�-binding motifs (13–
15). The EF-hand protein family is likely to have arisen from
a founder protein with a single EF-hand from which proteins
with multiple EF-hands were then derived by gene duplica-
tion (16). Important EF-hand proteins are Ca2� sensors such
as calmodulin, troponin C, recoverin, S-100, and STIM2

2 The abbreviations used are: STIM, stromal interaction molecule; CaM, cal-
modulin; ER, endoplasmic reticulum; SR, sarcoplasmic reticulum; SOCE,
store-operated calcium entry; RyR, ryanodine receptor; PMCA, plasma
membrane Ca2� ATPase; NCX, Na/Ca exchanger; MCU, mitochondrial Ca2�

uniporter; InsP3, inositol trisphosphate.

FIGURE 2. Top, the EF-hand-binding motif, proposed by Kretsinger et al. (10) from the crystal structure of parvalbumin, can be represented by the forefinger
(helix E) and the thumb (helix F), enclosing the Ca2�-binding loop, represented by the bent middle finger. Adapted from Ref. 10. Bottom left, C2b motif of
synaptotagmin I (Protein Data Bank (PDB) file 1TJX). Bottom right, full-length annexin A1 (PDB file 1MCX), with repeats 1– 4 in red, yellow, purple, and green,
respectively. The calcium ions are depicted as orange spheres, and the residues involved in its coordination are shown as sticks. Adapted from Ref. 7.
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(stromal interaction molecule). They all bind Ca2� and pro-
cess its signal. Other EF-hand proteins, e.g. parvalbumin,
calbindin and calretinin, are instead pure Ca2�-buffering
proteins that maintain the appropriate Ca2� homeostasis.
Thus, for instance, the concentration of parvalbumin in
mammalian muscles correlates well with their relaxation
speed (17). EF-hands can even serve as internal regulators of
the activity of proteins. This is for instance the case of the
ryanodine receptor (see below) in which EF-hands mediate
the gating of its Ca2� channel (18). Most of these proteins
contain an even number of EF-hands (between 2 and 12),
usually as tandem copies related by a two-fold symmetry
axis. A different EF-hand family has also been described that
contains an uneven number of EF-hands, usually five (hence
the name penta-EF or PEF family (19)). Recently solved
structures, e.g. that of the protease calpain (20), have indi-
cated that the functional motifs of these proteins occur in
pairs, either by homodimerization or by heterodimerization,
whereas the non-functional fifth EF-hand acts as a dimeriza-
tion domain.

Calmodulin—Calmodulin (CaM) is the most conserved EF-
hand protein. Together with histones, actin, or ubiquitin, it is
one of the most conserved proteins known to date (21). It is
ubiquitously expressed in all eukaryotic organisms, the
sequences in all vertebrates being 100% identical. It transmits
the Ca2� message to a large number of cellular functions. In
humans it is encoded by three non-allelic genes; even if they
encode an identical protein, the coding sequences differ sub-
stantially (22). The CaM homologue troponin C differs instead
in sequence depending on whether it is of skeletal or cardiac
muscle origin (23).

The structure of CaM has been solved for both the Ca2�-
bound and the Ca2�-free form (for a recent review, see Ref. 24).
The structure shows a dumbbell shape, with two terminal lobes
connected by a long flexible helix. The EF-hands are located in
pairs in the lobes. The binding of Ca2� induces a conforma-
tional change that exposes hydrophobic patches on the surface
of the protein, conferring to it the ability to interact with tar-
gets. Structures of Ca2�-loaded CaM complexed to binding
peptides from various targets have been solved by NMR and by
x-ray crystallography (24). The binding to target domains
induces a large conformational change of CaM, which bends to
a variable extent from the extended dumbbell shape into a more
globular structure in which its two halves wrap around the tar-
get domain (24).

STIM—STIM1 (stromal interaction molecule-1) is a protein
of the endoplasmic reticulum (ER) membrane that detects the
Ca2� level of the lumen. As it decreases, a conformational
change of STIM (25) promotes its interaction with, and the
gating of, the channel-forming plasma membrane Orai protein
(26) at specialized junctions between the ER and the plasma
membrane (the SOCE channel mechanism (27); see below).
Remarkably, STIM senses Ca2� in the very high concentration
of the ER lumen, i.e. with an affinity that is 3 orders of magni-
tude lower than that of CaM and other EF-hand proteins. The
EF-hand pair of STIM is thus unusual, as it is composed of a
canonical and of a non-canonical EF-hand, in which amino
acids critical to Ca2� binding are replaced (24). The SOCE sys-

tem was developed early in evolution, as homologs of the STIM
and Orai proteins have been found in the genome of unicellular
organisms (28).

S100 Proteins—S100 proteins are a family of EF-hand-con-
taining proteins that are soluble in 100% ammonium sulfate,
hence their name (29). To date 21 S100 proteins have been
identified in humans (30). They are small, and usually contain
two EF-hands. The C-terminal one is canonical, whereas the
N-terminal one is a pseudo-EF-hand, in which a 14-residue
loop coordinates Ca2� with low affinity (31). These proteins
also bind other divalent metal ions such as zinc and copper, and
usually occur as homodimers. They regulate numerous cellular
targets, e.g. transcription, the cell cycle, cell growth, motility,
differentiation. Peculiarly, some of them also interact with tar-
gets, e.g. RAGE (receptor for advanced glycosylation end prod-
ucts), outside the cell. It is not clear whether they are actively
secreted or passively released by them. Dysregulation in the
expression of a number of S100 proteins leads to different dis-
ease phenotypes, including cancer (30).

Other Calcium-binding Motifs in Proteins

The C2-domain—C2-domains of proteins interact with phos-
pholipids of different membranes, mostly in a Ca2�-dependent
manner. These domains, first identified in protein kinase C,
have now been identified in more than 100 proteins. They con-
sist of 120 –130 amino acids, organized as a �-sandwich of two
four-stranded �-sheets connected by three loops. Ca2� is coor-
dinated at the loops that connect �-sheets 2–3 and 6 –7 at the
edge of the �-sandwich by carbonyl and mono- and bidentate
aspartate side chain oxygens, and a water oxygen.(Fig. 2, bottom
left) Most of the proteins that contain C2-domains are involved
in either signal transduction pathways or membrane traffic
(32). Among the best studied C2 proteins is synaptotagmin, a
transmembrane protein that contains two such domains. It acts
in synaptic vesicles as the Ca2� sensor in the process of exocy-
tosis and a fast, synchronous neurotransmitter release (33, 34).
Recently, a different C2-domain-containing protein, Doc2, was
found in which isoforms � and � function as Ca2� sensors for
the slow phase of asynchronous neurotransmitter release (34).
At variance with the Ca2� binding to EF-hand sites, which
causes a conformational change, Ca2� binding to C2-domains
only leads to the structural stabilization of the protein.

The Annexin Ca2�-binding Fold—Annexins are a broad fam-
ily (more than 200 members are now known) of Ca2�-depen-
dent phospholipid-binding proteins that bind to membranes in
a Ca2�-dependent manner (35). They act inside cells, but some
(A1, A2, A5) are found outside cells. They are involved in
numerous cell processes, among them the inhibition of phos-
pholipases, endo- and exocytosis, Ca2� channel formation, and
anchoring of proteins to the plasma membrane. Their name
reflects the role in bringing together different cellular struc-
tures. Outside cells, they have a role in blood coagulation and
fibrinolysis. All annexins consist of a divergent N-terminal head
domain and a conserved C-terminal core domain (35). The core
domain nearly always contains four repeat units consisting of
five � helices A–E, which are separated by intervening
sequences of variable length, and in which helices A, B, D, and E
form a coiled-coil curved disk with loops connecting helices
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A-B and D-E on its convex side. The loops bind Ca2�, whereas
the N-terminal domain is on the concave side of the disk (Fig. 2,
bottom right). Annexins contain three types of Ca2�-binding
sites, formed by the AB, DE, and AB� loops. Up to 12 Ca2�-
binding sites may exist along the membrane-binding surface of
annexins. A number of annexinopathies have been described,
ranging from diabetes, to different forms of heart failure, to
leukemia (36). Annexin A2 complexed to protein S100A11 can
be recruited by a system for the repair of the damage to the
plasma membrane caused by cancer cells induced by the stress
of navigating through dense extracellular matrix (37).

Membrane-intrinsic Calcium-transporting Proteins

The buffering of cell Ca2� to the nM level is the task of pro-
teins that transport Ca2� across membranes. The channels
allow the downhill passage of Ca2� across the plasma mem-
brane and the membranes of organelles. ATPases transport
Ca2� with high affinity, and exchangers transport it with lower
affinity in exchange for another ion (normally Na�). Mitochon-
dria take up Ca2� with an electrophoretic uniporter and release
it with a variant of the Na�/Ca2� exchanger. The properties of
all these systems have been extensively covered in numerous
reviews (e.g. see Refs. 6, 7, and 38). This review will mention
striking new developments, but will consider in more detail
points of special interest to Ca2� signaling in general. The Ca2�

channels of the plasma membrane are regulated by different
mechanisms: 1) the interaction with ligands (e.g. glutamate in
neurons); 2) the emptying of the cellular Ca2� stores (the SOCE
channels mentioned above (27), in which the STIM proteins
sense the Ca2� depletion in the ER to reach and gate the plasma
membrane channel-forming Orai protein); 3) the changes in
the membrane electrical potential (the voltage-gated Cav chan-
nels), which exist in several subfamilies; and 4) the interaction
with environmental signals, e.g. temperature, pH, and odorants
(the five families of transient receptor potential (TRP) channels,
which are variously permeable to Ca2�, and which have also
been located in intracellular membranes). The plasma mem-
brane Ca2� channels are selectively distributed in tissues, as
their gating properties and responses to agonists/antagonists
respond to the distinct needs of cells. For instance, the SOCE
channels, although also present in excitable cells such as the
skeletal muscle, are the major Ca2� influx system in non-excit-
able cells. A very recent striking finding has been the solution of
the three-dimensional structure of the voltage-gated Ca2�

channel of skeletal muscle cells (39), which is a complex of a
pore-forming subunit �1 and of auxiliary regulatory subunits
�2-�, �, and � (Fig. 3A).

The membranes of ER/SR (sarcoplasmic reticulum) contain
the most important intracellular Ca2� channels. Ca2� channels
have also been described, or hypothesized, in other cellular
organelles, but they are less well characterized. The ER channel
is gated by the second messenger InsP3 (40), and the channel in
the SR is gated by Ca2� itself (Ca2�, however, plays a role in the
gating of the InsP3 channel as well). The SR channel, routinely
called the ryanodine receptor (RyR) as it is inhibited by the
alkaloid ryanodine, is critical in the control of cytosolic Ca2�

during the excitation-contraction cycle of muscles. It is a gigan-
tic tetrameric molecule of four monomers of more than 5000

residues, which is regulated by numerous mechanisms. Recent
cryo-EM work has led to the solution of the three-dimensional
structure of the RyR (18, 41, 42) (Fig. 3B) and the InsP3 receptor
(InsP3R) (40). These spectacular achievements have greatly
advanced the molecular understanding of the movement of
Ca2� across membranes. Ca2� is removed from the cytosol to
the external space or to the lumen of organelles by different
systems. Ca2� ATPases (Ca2� pumps) are located in the plasma
membrane (PMCA pump), in the membrane of the ER/SR (sar-
coplasmic reticulum Ca2�-ATPase (SERCA) pump), and in the
Golgi network (secretory pathway Ca2� ATPase (SPCA)
pump). The SERCA pump is the most powerful system for the
clearing of Ca2� from the cytosol of all eukaryotic cells. It coex-
ists in animal tissues with the PMCA pump, which is expressed
only in very low amounts. The concept has thus recently
emerged (43, 44) that in most tissues the main role of the PMCA
is not the global control of cytosolic Ca2�, but the control of the
Ca2� signaling in selected sub-plasma membrane domains
where important Ca2�-regulated enzymes also reside. The
PMCA pump is a target of CaM. In the presence of Ca2�, CaM
becomes bound to the pump, making it active. As result, Ca2�

in the environment decreases, promoting the detachment of
CaM. Thus, the activation of the pump by CaM must necessar-
ily have oscillatory character (44).

The other plasma membrane Ca2�-ejecting system is the
Na/Ca exchanger (NCX). It is particularly active in excitable
cells and complements the action of the ATPases, as it has large
transport capacity, but low Ca2� affinity. It thus cannot lower
Ca2� to the nM level of resting cells. It operates electrogenically,
exchanging three Na� ions for one Ca2� ion, and thus responds
to both the transmembrane potential and the concentrations of
Ca2� and Na� inside and outside cells. Thus, it can also operate
in the reverse mode, bringing Ca2� into the cell.

The mitochondrial Ca2�-handling system and its role in the
handling of cytosolic Ca2� have had a peculiar history. The
poor Ca2� affinity of mitochondria (apparent Km values in
excess of 5–10 �M had been measured soon after the discovery
of the process (45, 46)) had ruled them out as efficient control-
lers of cytosolic Ca2�. Because early work had discovered that
three tricarboxylic acid (TCA) cycle matrix dehydrogenases
were exquisitely sensitive to Ca2� (47), for a long time it was
tacitly accepted that the role of mitochondria was to control
their own Ca2�, not Ca2� in the cytosol. Even if work in rats
injected with radioactive Ca2� had shown that the energy-
linked uptake process did somehow occur in vivo (48), mito-
chondria were brought back as important controllers of cyto-
solic Ca2� only in the 1990s, by the discovery that they sense
micropools of high Ca2� concentration created in their vicinity
by the InsP3-mediated opening of the Ca2� store of adjacent ER
(49, 50). Very recent discoveries have shown that Ca2� pene-
trates into mitochondria through a channel (51) and have iden-
tified the components of both the uptake and the release legs of
the Ca2�-transporting system. The uptake leg has special com-
plexity, as it consists of the transmembrane uniporter channel
(MCU) (52, 53), aided by a number of accessory membrane
extrinsic proteins (mitochondrial calcium uptake proteins
(MICUs)) (54, 55) (Fig. 4). The release leg, which had originally
been discovered as a Na�-promoted path that, unlike the
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plasma membrane NCX, also accepted Li� in exchange for
Ca2� (56), is a variant of the plasma membrane NCX (NCMX),
which, indeed, also accepts Li as a Ca2� exchange partner (57).
(Some cell types contain a mitochondrial Ca2�/H� mitochon-
drial exchanger (58).) The multitude of Ca2�-transporting sys-
tems, coupled to the vast array of buffering and sensor proteins,
underlines the vital importance of the precise control of the
Ca2� signal, which is reflected in the large list of enzymes and
other cell processes that are controlled by Ca2� (Table 1).

Ambivalence and Other Distinctive Properties of the
Ca2� Signal

The canonical way of transmitting messages to cells involves
the interaction of “first messengers” with plasma membrane
receptors. The interaction activates the production of diffusible
“second messengers” that convey the information to cellular

targets. Ca2� is one of these diffusible second messengers.
However (see above), Ca2� can also penetrate directly into cells
to carry signals to cellular targets, bypassing the interaction of
first messengers with plasma membrane receptors. However, it
can also be a real first messenger, as in a growing number of
cells in which it interacts with a canonical plasma membrane
receptor (59), triggering the formation of the second messenger
InsP3. Thus, a point of semantics would perhaps be in order.
Because Ca2� is liberated into the cytosol by the second mes-
senger InsP3, it would be more correct to call it a “third mes-
senger.” However, apart from semantics, ambivalence is per-
haps the most distinctive property of the Ca2� signal. Ca2� is
vital to the functioning of cell life, but must be delivered to cells,
and processed by them, in a precisely controlled way. Devia-
tions from its resting nM concentration in the cytosol can be
tolerated, and do actually occur in response to physiological

FIGURE 3. A, cryo-EM structure of the rabbit voltage-gated skeletal muscle Ca2� channel Cav1.1 complex. Left, overall EM density map; right, structure. The
pore-forming subunit a1, and the auxiliary subunits a2dm b and g, are shown in different colors. Atomic coordinates are in the PDB (accession code 3JBR) (from
Ref. 39). VWA, von Willebrand factor type A domain; CTD, C-terminal domain. B, overall cryo-EM structure and domain organization of the rabbit skeletal muscle
ryanodine receptor (RyR1) in complex with the modulator immunophilin FKBP12. The nine cytosolic domains of the receptor are shown in different colors;
FKBP12 is in red. Atomic coordinates in the Protein Data Bank: accession code 3J8H (from Ref. 42).
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demands, but they must occur in a spatially and temporally
controlled way. For instance, Ca2� can be delivered to targets in
the form of high concentration oscillatory transients spatially

confined to specific cellular (micro) domains. These deviations
are normal means to deliver the Ca2� signal. The ambivalence
of the signal is instead defined as the abnormal, uncontrolled
deviation of Ca2� from its normal homeostatic level, including,
albeit less frequently, in the direction of its persistent unplanned
decrease. Cell life became evolutionarily organized on a given,
tightly controlled homeostasis level of Ca2�. However, having
decided to use Ca2� as a determinant for function, cells have at the
same time accepted to live in a permanent state of controlled risk.
Given the unlimited availability of Ca2� in the environment, and
the enormous inwardly directed Ca2� pressure, the risk of large
increases of Ca2� entry by the damage to the plasma membrane is
a distinct possibility; the unwanted persistent activation of pro-
teases, phospholipases, and nucleases would then terminate cell
life. For a while, cells can delay the onset of the catastrophe by
storing excess Ca2� within the mitochondria, which take it up
together with phosphate and store it in the matrix as osmotically
inactive hydroxyapatite deposits. However, this defense only pro-
vides cells with the time necessary to survive brief Ca2� storms. If
the membrane toxicant does not rapidly disappear, doom
unavoidably follows. Importantly, this toxic Ca2� death is com-
pletely different from the death of cells in the process of apoptosis,
which instead is but one of the positive ways in which cells use the
Ca2� signal. Apoptosis still culminates in the death of cells, but is
an essential phenomenon, as it mediates processes such as tissue
renewal and organ modeling. It has been calculated that in human
adults, about 1.2 kg of cells are actually renewed each day in the
process of apoptosis (6). However, the Ca2� signal can also be
deranged in subtler ways that concern defects of individual actors
in the Ca2�-controlling protein machinery. These defects do not
lead to cell death, but induce phenotypes of cell discomfort that
can be of very long duration, and very serious. They are most fre-
quently of genetic origin, and have now become an important
chapter of the Ca2� signaling topic (60, 61).

Back to the Title: How (and Why) Did Calcium Become
the Best Communicator?

In summary, the sequence of evolutionary events that have
led to the unique signaling role of Ca2� is likely to have been the
following. 1) Even in the monocellular stage, it was vital to lower
cell Ca2� very significantly if phosphate was to be used as the
energetics currency. 2) The chemical properties of Ca2� had
uniquely permitted the lowering of its free concentration in
cells to levels that would avoid the precipitation of phosphate
salts. 3) Once means were developed to constantly maintain
Ca2� at very low background levels, cells had acquired an ideal
signaling agent. 4) When competition (unicellularity) was
replaced by cooperation (multicellularity), Ca2� was the logical
choice to begin exchanging signals, as the cellular ambient
already had systems to control it. As the complexity of signal
transduction increased, additional systems to control Ca2�

were then developed.
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Among the biologically required first row, late d-block metals
from MnII to ZnII, the catalytic and structural reach of ZnII

ensures that this essential micronutrient touches nearly every
major metabolic process or pathway in the cell. Zn is also toxic in
excess, primarily because it is a highly competitive divalent
metal and will displace more weakly bound transition metals in
the active sites of metalloenzymes if left unregulated. The ver-
tebrate innate immune system uses several strategies to exploit
this “Achilles heel” of microbial physiology, but bacterial evolu-
tion has responded in kind. This review highlights recent
insights into transcriptional, transport, and trafficking mecha-
nisms that pathogens use to “win the fight” over zinc and thrive
in an otherwise hostile environment.

Zinc is an essential micronutrient for all living organisms (1).
Zinc is stable in the 2� oxidation state (ZnII) with a 3d10 outer
electronic configuration and plays a wide variety of catalytic,
regulatory, and structural roles in biology. Biological oxidation-
reduction (redox) functions requiring reversible electron trans-
fer are performed by other divalent metal ions of the late
3d-block series, from MnII (3d5) to CuII (3d9). As such, ZnII (Zn)
is nature’s foremost Lewis acid, catalyzing a wide variety of
hydrolytic reactions, and more generally, any reaction that
requires activation of an otherwise poor nucleophile. Zn is
incorporated into about 10% of all human proteins, and well
over 300 enzymes are known to require ZnII for catalytic or
structural functions (1). The percentage of Zn-binding proteins
in the bacterial proteome is lower (about 5– 6%), largely due to
the absence of canonical zinc finger transcription factors (1). Zn
in bacteria is primarily used as a metalloenzyme cofactor with a
total concentration in the 0.1–1.0 mM range (2– 4). ZnII acqui-
sition, distribution, and efflux by pathogenic bacteria play cen-

tral roles in the survival, pathogenesis, and virulence of these
organisms in the vertebrate host.

Earth-abundant ZnII is not readily accessible to the invading
bacterium in the vertebrate host because during an infection,
the host attempts to restrict the availability of essential micro-
nutrients. This has long been known for iron (Fe) (5), but has
been more recently established for ZnII and MnII in a process
generally termed “nutritional immunity” that is governed by
sophisticated metal chelation strategies (6, 7). Some microbial
pathogens, particularly those in an intracellular environment,
e.g. following engulfment or persistence in macrophages, must,
on the other hand, adapt to host-imposed zinc toxicity (8).
Indeed, the relative importance of these mechanisms may be
dependent on the site of bacterial colonization, e.g. Group A
Streptococcus is suggested to face Zn toxicity during coloniza-
tion of the nasopharynx, but Zn deprivation on the skin (8).
Thus, the successful pathogen must have evolved ways to min-
imize the deleterious impact of metal ion excess (9) as well as
metal deprivation during an infection.

This review describes the mechanistic principles that form
the basis of our understanding of how bacterial pathogens
counteract host-imposed zinc scarcity in acquiring the metal,
while limiting the potential collateral damage of Zn toxicity
(Fig. 1). Host-imposed zinc starvation is mediated by myriad
innate immune system proteins that have evolved to coordinate
transition metals with high thermodynamic and/or kinetic sta-
bilities, thus effectively sequestering these essential metals from
the bacterium. Many of the known chelators are derived from
the S100 superfamily of CaII-binding proteins, and include the
well studied neutrophil-derived S100 A82A92 heterotetramer,
calprotectin (CP)2 (6). CP is known to withhold Zn and/or MnII

from the bacterial invaders, depending on the physiology of the
organism and microenvironmental niche (10). CP has evolved
transition metal-binding sites that feature unprecedented coor-
dination chemistries and plasticities, which are activated by
CaII binding to EF-hand type sites and are thus tuned to func-
tion as potent, host-derived extracellular chelators (11–13).
CP also binds FeII with high affinity, hinting at a broader
anti-bacterial function of this protein (14). S100 A7 (psoria-
sin) and A12 (calgranulin C) are other well studied members
of this class of proteins with metal-sequestering antimicro-
bial activity (15, 16).

The response of the bacterial pathogen to host-imposed zinc
starvation or poisoning can be grouped into three distinguish-
able strategies: 1) transcriptional regulation by metal-sensing
metalloregulatory proteins; 2) Zn efflux and acquisition across
cell membranes; and 3) Zn sparing and allocation of Zn to Zn-
requiring enzymes, processes that are governed by Zn specia-
tion in the cytoplasm. These will be discussed in turn.
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Transcriptional Regulation by Metal Sensor Proteins

The Set-point Model

The set-point model is the simplest possible model that
explains how bacteria maintain a characteristic total metal
quota and metal bioavailability in the cell. This model is dic-
tated by the sensitivity (Kmetal) of the metalloregulatory or
metal sensor protein, which transcriptionally regulates the
expression of genes that encode metal transporters and other
resistance proteins (17–19) (Fig. 2). In most cells, Zn homeo-
stasis is maintained by pairs of Zn sensors that function collab-
oratively as uptake or efflux repressors. In this model, ZnII bio-
availability is maintained by these Zn sensors whose DNA
operator binding or transcription activation functions are allos-

terically modulated by the direct binding of the metal ion. The
affinities (Kmetal) will therefore define a window of “free” or
“bioavailable” transition metal concentration [metal]free in the
cell, where 1/Kmetal � [metal]free (20, 21). Thus, the higher the
regulator affinity for the cognate metal under the prevailing
intracellular conditions, the lower the concentration of bio-
available metal in the cell (21). As the metal concentration rises
above 1/Kmetal, changes in transcription result, with transport-
ers enlisted to re-establish homeostasis by repressing uptake
and activating efflux.

In most bacteria, the zinc uptake repressor (Zur) controls the
expression of a small number of genes required to adapt to
conditions of severe zinc depletion. When the intracellular zinc
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FIGURE 1. Schematic rendering of the bacterial pathogen response to host-induced ZnII deficiency (top) and toxicity (bottom) for representative
Gram-negative (GRAM �) (left) and Gram-positive (GRAM �) (right) organisms. Abbreviations used: OM, outer membrane; IM, inner (plasma) membrane;
CM, cytoplasmic (plasma) membrane; ZIP, Zrt/Irt-like proteins found in bacteria (40, 41); MT, metallothionein; CDF, cation diffusion facilitator transporter; RND,
resistance-nodulation-cell division transporter. Zn (yellow circles) homeostasis is governed by a pair of Zn-sensing regulators, an uptake regulator (exemplified
by Zur or AdcR) and efflux regulator (by ZntR or pneumococcal SczA). The balance of Zn uptake and efflux activities establishes the total cytoplasmic Zn
concentration (see text for details). The bioavailable or “buffered” pool of intracellular “free” Zn, defined here as that fraction of total Zn not tightly bound to
protein and in rapid chemical exchange among small molecules (red circles), e.g. bacillithiol (94), metallothioneins in some cells (blue ribbon), and weakly bound
proteome sites (not shown). These components collectively define Zn speciation in cells. Under Zn-limiting conditions, the shuttle of Zn to obligate Zn-
requiring enzymes might require a specialized Zn chaperone (43) (orange symbol). In a Zn-sparing response under conditions of extreme Zn limitation,
Zn-independent paralogs replace Zn-dependent ones, such as that which occurs with ribosomal proteins L31 and S14 (gray symbol) (78).
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concentration is far below a critical threshold, [metal]free �
1/Kmetal, the zinc-free form of Zur has low affinity for the DNA
operator, which overlaps the promoter, thus allowing unfet-
tered access by RNA polymerase to transcribe the genes encod-
ing a high affinity Zn uptake system(s) (Fig. 2). In addition,
genes encoding the efflux system are transcriptionally
repressed by the apo form of the Zn efflux repressor, ZntR in
Escherichia coli, under these conditions. As levels of bioavail-
able Zn rise to [metal]free � 1/Kmetal (zinc-replete conditions),
the zinc-bound form of Zur binds tightly to the operator site,
thus preventing transcription (22). Likewise, the efflux regula-
tor, ZntR in E. coli, binds Zn and allosterically activates tran-
scription of zntA, encoding a Zn-specific P-type ATPase efflux
transporter, by converting a suboptimal promoter to an optimal
one (23). In other bacteria, the Zn efflux regulator is a repressor
whose DNA binding affinity is negatively regulated by Zn bind-
ing, thus driving transcriptional depression of downstream
genes under conditions of excess Zn (24). In still others, e.g.
SczA from Streptococcus pneumoniae, the efflux regulator is an
allosteric activator of transcription (25), which may involve a
metal-mediated physical interaction with RNA polymerase. In
any case, the difference in Kmetal between uptake and efflux
regulators in the DNA-bound state thus defines the “window”
of bioavailable Zn (Fig. 2A) (26).

Allostery

The zinc specificity of these “allosteric switches” (26) is
defined largely by the metal coordination environment; how-
ever, metal sensors tend to bind divalent metals with a rank
order of affinity that matches the Irving-Williams series for
divalent metal-nitrogen/oxygen (N/O) chelates, regardless of
which metal(s) is detected in the cell (17, 19, 21, 27). This raises
questions about how a subset of sensors can detect weaker
binding metals in vivo (21). One explanation is that metal bind-
ing kinetics rather than the thermodynamics dictate the sensor
response, catalyzed by transient interactions with metallochap-
erones or other small molecules (see below). An alternative,
earlier hypothesis implicates a metal-selective allosteric mech-
anism, i.e. formation of only the “correct” or “cognate” coordi-
nation geometry is capable of driving allosteric activation or
inhibition of DNA operator binding (28). This by and large
remains true, but the relative rank order of “set points” for indi-
vidual transition metal sensors essentially enforces metal spec-
ificity in the cell (Fig. 2) (29, 30). Recent studies of the entire
collection of Salmonella enterica metal sensors suggest that
DNA binding occupancy of the apo (repressing) form of a par-
ticular efflux regulator can be tuned by taking into account its
absolute concentration in the cell, coupled with knowledge of

the allosteric coupling free energy (�Gc) (26) and relative affin-
ities of the apo and metallated states (21). This tour de force
reveals that experimental approaches that directly measure
metal occupancy, DNA operator-promoter occupancy, and
transcriptional regulation (repression, de-repression, or activa-
tion), as a sensitive function of [metal]free in the cell, will shed
significantly more light on these processes.

How allosteric communication propagates from the metal-
binding site(s) to influence DNA binding affinity, and thus
impact biological regulation, is also of considerable interest.
There are a number of mechanisms of transcriptional regula-
tion that have been described for a variety of Zn sensors. For
example, the zinc efflux repressor Staphylococcus aureus CzrA
is characterized by strong negative allosteric linkage between
the binding of metal and the binding of operator DNA, with an
allosteric coupling free energy, �Gc � 6.5 kcal mol�1 (pH 7.0,
25 °C). The molecular origins of this negative coupling have
proven enigmatic, partly due to the lack of a large structural
change in the CzrA homodimer upon Zn binding (31). The apo
and Zn-bound states adopt very similar “open” conformations,
whereas DNA-bound CzrA adopts a more “closed” conforma-
tion, allowing the N terminus of the �R reading heads to reach
into successive major grooves of the operator (32) (Fig. 2, B
and C).

ZnII binding to the regulatory site(s) in Zur induces an allos-
teric global conformational change that increases (��Gc) the
binding affinity of Zur for the DNA operator (29, 33). Structural
insights into this conformational change and operator recogni-
tion have been recently been revealed for a member of Zur
family (22) (Fig. 2D). Molecular recognition of the DNA oper-
ator by Zn-Zur is also based, as it is for CzrA, on protein con-
formational plasticity (22). In addition to allostery, the roles
that multiple metal-binding sites play in multi-domain repres-
sors have been suggested to impact differential set points, thus
expanding the dynamic range of sensing ZnII in the cell in both
Streptomyces coelicolor Zur (33) and Bacillus subtilis Zur (29).

The MarR (multiple antibiotic resistance) family zinc uptake
repressor AdcR (competence regulator) from S. pneumoniae is
another example where Zn binding to two distinct metal sites
activates DNA binding, but to varying degrees (34). AdcR
shares the winged-helix DNA-binding fold of CzrA (Fig. 2E),
but possesses an additional C-terminal �6 helix in the dimer
interface, giving rise to an extended, triangularly shaped
homodimer. In Zn-replete conditions, AdcR represses the
expression of the Zn uptake system and contributes to strepto-
coccal virulence (35). For all other members of the MarR super-
family, ligand binding attenuates DNA binding; for AdcR, the

FIGURE 2. A, graphical representation of the “set-point” model for metal homeostasis. In this model, the metal affinity for individual or pairs of metal sensor
proteins (red and blue solid lines) defines the ability of the cytoplasm to buffer biologically required transitions metal ions. The KZn of the pair of regulators set
the boundary of free Zn concentration in the cytoplasm, where 1/KZn � [ZnII]free. The free metal concentration follows the Irving-Williams series (shaded areas).
The total concentrations are represented in dashed lines (color coded in the graph). The metal affinity constants and concentrations were taken from Ref. 19.
B, S. aureus CzrA in the Zn-bound form (Protein Data Bank (PDB): 2m30) with the Zn-binding site in the zoomed region. The apo form (PDB: 1r1u active
repressor) is superimposed in red, showing minimal structural difference (31). C, the S. aureus CzrA in DNA-bound form (PDB: 2kjb) docked on a DNA operator
(32). The apo form (PDB: 1r1u active repressor) is superimposed in red, representing the induced fit that the protein undergoes upon DNA binding. D, E. coli
Zn4-Zur2-33-mer DNA complex (PDB: 4mte) (22). E, S. pneumoniae AdcR in the Zn state (PDB: 3tgn) docked on the DNA operator (34). F, the ZntR (PDB: 1q90)
docked on the DNA operator based on the E. coli CueR structure (PDB: 4wls). The bent DNA conformation (PDB: 4wlw) is represented in red to show the
conformational change at the level of DNA responsible of changes in gene expression upon Zn binding (23). In all the structures, the putative DNA-binding
region is colored in purple and DNA operators are shown in orange. Red arrows indicate movement upon metal/DNA binding.
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ligand (Zn) is used as an allosteric activator of DNA binding
consistent with its biological function as uptake repressor (36).

Zinc Efflux and Acquisition

The cellular demand for bioavailable ZnII while limiting Zn
toxicity by this highly competitive metal is governed by the
relative rates of Zn acquisition by ATP-binding cassette (ABC)
transporters and cytoplasmic efflux via P-type ATPases or pro-
ton-coupled antiporters (37–39). More recently, other trans-
porters have been shown to function in Zn uptake in S. enterica
and Vibrio cholera (40, 41). As discussed above, host strategies
to limit bacterial infection exploit both zinc toxicity, perhaps
best understood for intracellular niches (3, 42), and severe zinc
limitation (starvation) (43).

Zinc Efflux

In the model system E. coli, the efflux regulator ZntR (Fig. 2F)
regulates transcription of genes encoding three types of export-
ers: a P-type ATPase ZntA (Fig. 1), cation diffusion facilitator
(CDF) family transporters ZitB, which augments zinc tolerance
mediated by ZntA (44), and YiiP (discussed further below), and
the periplasm-spanning “efflux guns” CzcD and CzcBCA (for a
recent review, see Ref. 45). The CDFs constitute a large family of
divalent metal, proton-coupled antiporters that play important
roles in global intracellular metal homeostasis in all three king-
doms of life (46). The most extensively structurally character-
ized bacterial CDF to date is E. coli YiiP, an established Zn/Cd
transporter (38), which is also known to efflux FeII (44, 47) (Fig.
3). An alternating access model of transport where the
exchange between ZnII and H� leads to a conformational
change enables Zn to move through the membrane (48).
Despite an extensive characterization of YiiP, how metal selec-
tivity is achieved for the CDFs in general remains unclear. The
functional and structural diversity of CDFs may well be signif-
icant (49), thus motivating efforts to solve the structures of
other CDFs to obtain a clearer understanding of how metal
selectivity is achieved. A recent in vivo study that compares the
metal selectivity of E. coli YiiP and S. pneumoniae-specific Zn
and Mn CDFs (CzcD and MntE, respectively) shows that the
first coordination shell of A (membrane)-site coordination
ligands, e.g. an Asn in Mn-specific CDFs, is a primary specificity
determinant that enhances the transport of cognate versus non-
cognate or competing metal ions (50) (Fig. 3). Similar findings
characterize the Mn-specific human CDF, ZnT10 (SLC30A10)
(51), mutations in which cause parkinsonism and related neu-
rological and liver dysfunction (52).

The P-type ATPases, like the CDFs, are a large family of inte-
gral membrane proteins that include those from the P1B clade
that mediate ZnII efflux from the cytoplasm in bacteria and
plants (45). The physiological functions of these pumps are not
restricted to ZnII efflux and include CuI (53), CoII/NiII (54), FeII

(55), and MnII (56) effluxers, while also mediating resistance to
toxic metals PbII and CdII (57) and AgI (58). Metal selectivity
has been shown to be dictated by the metal coordination geom-
etry, which impacts overall rates of translocation. Some exper-
imental details concerning the mechanism of Zn transport by
P1B-type ATPases have recently been unraveled. The crystallo-
graphic structure of ZntA from Shigella sonnei in its Zn-free E2

conformation reveals a negatively charged funnel and a candi-
date extracellular metal release pathway (37) (Fig. 3). It is
thought that a conformational change in the transmembrane
helices as part of a canonical Post-Albers cycle, where the ATP
hydrolysis is coupled to interconversion between E1 and E2
states, prevents the reverse flow of the transported ion(s); how-
ever, a detailed mechanism of metal transport remains to be
elucidated (37). The mode of Zn coordination is of course not
defined by this structure, but a tetrahedral S2(O/N)2 model
involving the Cys-Pro-Cys (CPC) motif in transmembrane
helix 4 (TM4) emerges from the biochemical and x-ray absorp-
tion studies of E. coli ZntA (59, 60). These studies of ZntA
complement parallel studies of the bacterial CuI-specific P1B-
ATPase CopA, for which an enhanced structural and mecha-
nistic understanding of the CuI capture, transport, and efflux is
emerging (61– 63). Additional work is clearly required to fully
understand metal specificity and transport by this ubiquitous
family of transporters.

Zinc Uptake

Nearly all bacteria employ tripartite, high affinity ABC Zn
transporters consisting of a periplasmic or extracellular solute-
binding (lipo)protein (subunit A; solute-binding protein; SBP),
a transmembrane-spanning permease (subunit B), and a cyto-
plasmic ATPase (subunit C) (Fig. 3). ABC transporters are two-
fold pseudosymmetric and typically adopt an AB2C2 stoichiom-
etry; in some cases, the two B-subunits and two C-subunits are
encoded by different genes as a result of gene duplication. The
prototypical bacterial Zn-specific ABC transporter is encoded
by znuABC. A significant body of structural work reveals that
the SBP subunit harbors all significant features required for
metal (ligand) specificity of Zn-dependent ABC transporters
(64, 65). In contrast, there is comparatively little known about
how ATP hydrolysis is coupled to ZnII transport by an intact
transporter, with most models based on high resolution struc-
tures of the E. coli vitamin B12 (cobalamin) and related transi-
tion metal transporters (66, 67). These models generally invoke
an alternating access mechanism driven by ATP binding, hy-
drolysis, and product release (Fig. 3). Targeting the SBP (ZnuA)
may represent an excellent strategy to identify new antibiotics
against Gram-negative bacteria (68).

In Gram-negative bacteria, the ZnuABC system is essential
for zinc uptake, but its expression does not necessarily promote
competitive advantages over the host microbiome (41). In these
cases, bacteria use alternative or additional Zn capture systems
that function alongside ZnuABC, whereas others express a
“supercharged” ZnuA that harbors additional Zn-coordinating
residues, e.g. poly(His)-rich sequences and/or a second soluble
domain, e.g. ZinT, appended onto ZnuA. Alternatively, the
expression of other zinc-binding proteins is up-regulated under
extreme zinc deficiency, e.g. ZinT/ZitB (Fig. 1) (69) or polyhis-
tidine triad (Pht) proteins (70) that likely aid in Zn capture in
both Gram-positive and Gram-negative organisms (68, 71).

There is now strong evidence that metal-specific outer mem-
brane (OM) receptors, reminiscent of OM porins that transport
FeIII-siderophore complexes or cobalamin in a TonB-depen-
dent fashion, also function in Zn uptake in Gram-negative bac-
teria (65, 72). The nature of the specific Zn species that is trans-
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ported by these systems is generally not known, although for
Neisseria ZnuD, it has been argued on the basis of structural
and computational studies that free, hydrated ZnII is the trans-
port substrate (72) (Fig. 3). In an escalation in the Zn acquisition
“arms race” between microbe and host, an OM porin desig-
nated CbpA, a candidate bacterial receptor for CP-Zn com-
plexes (73), is thought to capture this CP-bound Zn, consistent
with a direct role in zinc piracy analogous to iron piracy prac-
ticed by many bacterial pathogens (74).

More recent work reveals that the general strategy that bac-
teria use to acquire Fe, as FeIII-siderophore (or more generally,
chelator) complexes, may not be limited to Fe, but is used to
capture other transition metal ions, including Cu, Zn, Co, and
Ni, as zincophores or more generally, metallophores (75). In
addition, previously characterized Fe siderophores likely have
moonlighting functions, a notable example of which is yersini-
abactin, which binds CuII and protects uropathogenic E. coli
from extracellular reactive oxygen species (76). S. aureus is now
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known to harbor a gene cluster, cntKLM, that encodes the bio-
synthetic pathway for a broad-spectrum metallophore, staphy-
lopine from L-histidine, the core structure of which is chemi-
cally similar to the plant chelator nicotianamine (77) (Fig. 4A).

Although absolute metal affinities and the impact on cellular
metal quota have not yet been measured for cnt mutants,
staphylopine appears to be a bona fide metallophore that is
capable of coordinating a wide range of divalent transition met-
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als. This suggests an important function in the competition
between the infected host and microbe for nutrient metals.

Zinc Sparing and Zn Allocation under Conditions of
Extreme Zinc Limitation

Zinc is so integral to much of metabolism that a number of
specialized Zn-specific adaptations have evolved to ensure that
critical processes run smoothly under conditions of extreme
host-mediated Zn scarcity, beyond that which can be overcome
via increased transcription of the Zn uptake machinery (Fig. 1).
This is particularly true for bacterial pathogens where Zn avail-
ability is tightly restricted by the innate immune system (see
above).

One mechanism is termed Zn sparing, commonly used in
bacteria to increase the expression of non-Zn-requiring pro-
teins to replace essential Zn-dependent enzymes and proteins,
which was first described for ribosomal proteins (78, 79). This
strategy ensures that the metabolic functions of key Zn-depen-
dent enzymes are maintained under conditions of Zn scarcity.
A well established example is the replacement of Zn-containing
ribosomal subunits L31 and S14 with non-Zn-containing sub-
units (80). Zn sparing involves the use of often structurally dis-
tantly related enzymes or proteins that either show a relaxed
metal specificity or dispense with the metal cofactor altogether.
Enzymes involved in this process include threonyl-tRNA syn-
thetase, GTP cyclohydrolase I (FolE), porphobilinogen syn-
thase (PBGS), and DksA (81– 84). In the case of the GTP cyclo-
hydrolases, the Zn-requiring (Ia) enzyme is a better catalyst
with a very high affinity for Zn; the 1b enzyme, on the other
hand, has modest affinity for many divalent metal ions, each of
which support variable levels of activity (82). In this case, Zn
sparing is clearly a “workaround” to access a crucial metabolic
process, i.e. folate biosynthesis, under extreme cellular zinc
limitation. It seems possible that there are other examples of Zn
sparing yet to be discovered in bacteria.

Another strategy to retain critical metabolic functions under
extreme Zn limitation is to ensure that those enzymes that are
obligatorily Zn-dependent can be metallated under these con-
ditions. One might anticipate that this role might be played by a
zinc chaperone(s), reminiscent of Cu chaperones that metallate
Cu-requiring enzymes under conditions of extreme Cu limita-
tion (85); however, this area of zinc metabolism remains poorly
understood. A number of Zn chaperones have been proposed,
with most recent efforts focused on candidate G3E family
GTPases from the COG0523 subfamily, whose expression is
under the transcriptional control of Zur (86, 87). An unbiased
mutant screen of Acinetobacter baumannii stressed with CP-
induced ZnII limitation identified components of the Zur regu-
lon (10), which was found to include a gene encoding a
COG0523 protein, denoted ZigA (43) (Fig. 4B). Several other
G3E family GTPases play roles in metallocenter assembly con-
sistent with the hypothesis that the Zur-regulated COG0523
GTPases may function as Zn chaperones (88 –90). A. bauman-
nii ZigA and E. coli YeiR have been biochemically character-
ized, and both possess intrinsically low GTPase activity that is
only modestly stimulated by Zn binding (43, 91). The conjec-
ture is that this activity will be strongly stimulated upon physi-
cal, even transient, association with an apo enzyme target or

client protein, thus providing a driving force for intermolecular
Zn transfer. Although there is as yet little direct support for this
hypothesis, recent work in A. baumannii reveals clearly that
ZigA impacts the labile Zn pool by stimulating histidine degra-
dation under conditions of CP-induced Zn limitation (Fig. 4B)
(see below) (43).

Zinc Speciation in the Bacterial Cytoplasm

As discussed above, although the total cell-associated Zn
concentration in bacterial cells is in the millimolar range (Fig.
2A), the bioavailable or “buffered” Zn concentration in the bac-
terial cytoplasm is predicted to be in the pico- to nanomolar
range, largely as estimated by the metal sensitivities (1/Kmetal)
of the uptake and efflux regulators (92) (Fig. 2). This 106-fold
difference in concentration establishes that the cell has an over-
capacity to chelate Zn and that access to the metal might be
restricted by the specific nature of these poorly defined “buff-
ering” components. Unfortunately, detailed chemical insights
into Zn speciation and how this might change under different
environmental conditions are largely lacking, and this remains
a significant analytical challenge given the lability of small mol-
ecule-metal complexes.

Glutathione (GSH) and bacillithiol (BSH) (Fig. 4C) are low
molecular weight (LMW) thiols established as important play-
ers in redox homeostasis. Recently, a new role for the cell-abun-
dant reduced forms of these LMW thiols in buffering transition
metals has been uncovered (93, 94). Although the deletion of
glutathione biosynthetic genes has no effect on Zn tolerance in
E. coli, GSH was shown to become important when Zn efflux
systems are not expressed (93). Similarly, BSH, as the most
abundant LMW thiol in B. subtilis (95), serves as a major com-
ponent of the labile Zn pool in that organism (94). In addition to
these thiols, histidine has recently been shown to contribute to
the labile Zn pool in A. baumannii (Fig. 4B) (43). Histidine is a
formidable Zn chelator, forming complexes with �10 �M affin-
ity (43) with high intracellular histidine concentrations poten-
tially tying up the metal. The histidine utilization operon (hut)
is slightly up-regulated in A. baumannii strains lacking Zur (10)
with the resultant expression of the major histidine transporter
HutT contributing not only to the cytoplasmic histidine pool,
but also to the cellular Zn status by transporting His2-Zn com-
plexes (Fig. 4B) (43). The fact that histidine protects A. bau-
mannii against Zn toxicity, as found previously in eukaryotic
organisms (96), and Zn scarcity in a way that is linked to ZigA-
stimulated histidine catabolism, reflects the demand for a
highly dynamic pool of labile Zn that can be rapidly altered to
meet cellular needs (43). Clearly, other small molecules such as
other LMW thiols, amino acids, nucleotides, inorganic phos-
phate, and citrate are all candidates as contributors to Zn spe-
ciation of a labile Zn pool, which remains undefined for most
bacteria.

Finally, in some bacteria, including the cyanobacteria and
Mycobacterium tuberculosis, Zn/Cd- or Cu-binding LMW cys-
teine-rich polypeptides termed metallothioneins (MTs) are
found, where they generally play roles in resistance to ZnII or
CuI toxicity (97). Extensive studies of the vertebrate and plant
MTs reveal that the redox chemistry of Cys and a high degree of
conformational plasticity enable MTs to dynamically (dis)asso-
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ciate multiple Zn ions; as a result, MTs are believed to play roles
in Zn storage and delivery to metalloproteins, as well as buffer-
ing cytosolic Zn in these systems (98). The full extent to which
bona fide Zn-specific MTs contribute to Zn speciation and
homeostasis in bacteria remains unclear, although they appear
to have physical properties consistent with such a function (97).

Conclusions

In this Minireview, we summarize recent efforts to under-
stand the degree to which important human bacterial patho-
gens adapt to host efforts to remodel the transition metal land-
scape and thus limit the impact of a bacterial infection. Zinc
acquisition and efflux play central roles in this “fight over met-
als” due to the tremendous footprint of Zn on cellular metabo-
lism, coupled with its toxicity that derives from its position near
the top of the Irving-Williams series (27). A more sophisticated
understanding of the structure and dynamics of cellular small
molecule and proteome Zn speciation is the next frontier, and
will depend on significant analytical advances in mass spec-
trometry (21, 43, 77) and related techniques. These advances,
coupled with detailed mechanistic and physicochemical under-
standing of Zn sensing, uptake, efflux, and allocation, promise
exciting discoveries to come in zinc metallostasis at the host-
pathogen interface. This knowledge, in turn, will be leveraged
to identify new molecular targets for the development of anti-
microbial agents as alternatives to traditional antibiotics.
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Divalent metal ions are essential components of DNA poly-
merases both for catalysis of the nucleotidyl transfer reaction
and for base excision. They occupy two sites, A and B, for DNA
synthesis. Recently, a third metal ion was shown to be essential
for phosphoryl transfer reaction. The metal ion in the A site is
coordinated by the carboxylate of two highly conserved acidic
residues, water molecules, and the 3�-hydroxyl group of the
primer so that the A metal is in an octahedral complex. Its cat-
alytic function is to lower the pKa of the hydroxyl group, making
it a highly effective nucleophile that can attack the � phospho-
rous atom of the incoming dNTP. The metal ion in the B site is
coordinated by the same two carboxylates that are affixed to the
A metal ion as well as the non-bridging oxygen atoms of the
incoming dNTP. The carboxyl oxygen of an adjacent peptide
bond serves as the sixth ligand that completes the octahedral
coordination geometry of the B metal ion. Similarly, two metal
ions are required for proofreading; one helps to lower the pKa of
the attacking water molecule, and the other helps to stabilize the
transition state for nucleotide excision. The role of different
divalent cations are discussed in relation to these two activities
as well as their influence on base selectivity and misincorpora-
tion by DNA polymerases. Some, but not all, of the effects of
these different metal ions can be rationalized based on their
intrinsic properties, which are tabulated in this review.

All DNA polymerases (DNA pols)2 require Mg2� or Mn2�

for primer extension and for excision of incorrectly incorpo-
rated dNTPs via intrinsic 3�35� exonuclease activity (1–5). A
two-metal-ion mechanism is used by all DNA pols to catalyze

nucleotide addition to a growing primer strand (6). Although
DNA polymerases employ the physiologically relevant Mg2�,
other divalent metal ions can substitute for Mg2�, although
they tend to reduce the fidelity of DNA replication (7–10). The
effect of metal ion cofactors on the fidelity of DNA replication
has been studied for various DNA pols including E. coli DNA
pol I (11), AMV DNA pol (12), Klenow fragment of E. coli DNA
pol I (13), T4 pol (7), T7 pol (7), human pol � (7), pol � (7), and
Dpo4 (8). Some metal ions have been shown to be mutagens
and carcinogens probably because they reduce the base selec-
tivity of DNA pols (7, 8, 11–15). Different divalent cations influ-
ence fidelity check points in the minimal kinetic scheme for the
nucleotidyl transfer reaction (Scheme 1). Cations that can sub-
stitute for Mg2� affect DNA pols by: 1) altering the ground-
state binding affinity of incoming dNTPs to pol�DNA binary
complexes (16); 2) decreasing base selectivity by promoting
misincorporation during primer extension (8); 3) decreasing
the rate of base excision (17); 4) altering primer extension past
a mismatch at the primer-template (P/T) terminus (17). This
review will address the way various metal ions increase misin-
corporation based on their physical properties. Our emphasis
will be on the effect of different cations on the behavior of RB69
pol, which we have studied extensively in our lab (18). There are
other reviews that deal with pol �, another DNA pol that has
been thoroughly studied with respect to the influence of differ-
ent metal ions on its structure and function (19 –21).

The Two-metal-ion Mechanism for Nucleotidyl Transfer
Reaction

All DNA pols require two divalent metal ions for primer
extension (6). One metal ion occupies the “A site” and helps to
lower the pKa of the terminal 3�-OH group on the primer and
coordinates both the �-phosphate of the incoming dNTP and
the 3�-OH of the primer strand, which facilitates its nucleo-
philic attack on the �-phosphorous atom of the incoming
dNTP (6). The other metal ion, occupying the “B site,” coordi-
nates the �-, �-, and �- non-bridging phosphate oxygens of the
incoming dNTP, helping to neutralize the developing negative
charge as the ternary complex approaches the transition
state in the nucleotidyl transfer reaction, and assists in the
departure of the PPi product. Yang et al. (22) have shown that
for pol �, the dNTP�metal ion complex in the “B site” alone is
unable to induce closing of the fingers, a necessary step for the
phosphoryl transfer reaction to proceed. Both A and B metal
ions are thus required to prepare the active site for nucleotidyl
transfer (22). Tsai and co-workers (23) have used Rh�3 as an
exchange-inert cation complexed with an incoming dNTP to
selectively fill the “B site” in pol � so that the effect of binding a
metal ion in the “A site” could be studied independently of the
cation in the B site. Their results showed that the closing of the
fingers could occur before occupancy of the A site but that
Mg2� could diffuse into the A site, although pol � was in the
closed form (23). In contrast, studies with RB69 pol by Wang
and co-workers (16) showed that although the fingers can close
in the absence of an “A” metal ion, the fingers have to reopen for
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a divalent cation to bind in the “A site.” Recent studies by Yang
and co-workers (24) observed the transient presence of a third
metal ion of pol � after the nucleotidyl transfer reaction was
initiated, but before release of the products, using time-re-
solved x-ray crystallography (24). The third transient metal ion
was coordinated to four water molecules in addition to an oxy-
gen atom (which acts as a bridge between the �- and �-phos-
phorous atoms) and to the non-bridging oxygen of the �-phos-
phate. Yang and co-workers (24) proposed that in addition to
the A and B metal ions, the third metal ion (Mg2�) participates
in neutralizing the negative charges built up in the transition
state and is likely involved in facilitating the protonation of the
pyrophosphate leaving group. Recent studies by Gao and Yang
(25) have shown that the third metal ion is indeed required for
catalysis by pol �.

The Nature of Metal Ion Coordination Complexes with
Various DNA pols

Several groups have solved the crystal structures of DNA pols
with metal ions and an incoming dNTP bound in the polymer-
ase active site (6, 9, 26 –29). RB69 pol has been one of the most
extensively studied DNA pols in the B family and is the only
DNA pol where all combinations of mispaired bases were cap-
tured in ternary complexes (26). For this purpose, four muta-
tions were required adjacent to the nucleotide binding pocket.
Among these the triple mutant (tm) was used to capture a ter-
nary complex in the presence of Mn2� and dUpNpp, a non-
hydrolyzable dNTP analogue (Fig. 1) (6). In this structure,
Mn2�, bound in the “B site,” has nearly ideal octahedral geom-
etry and is coordinated by the triphosphate tail of the incoming
dUpNpp along with the carboxylate side chains of Asp411 and
Asp623, and the backbone carbonyl oxygen of Leu412 (Fig. 1b).
Mn2� bound in the “A site,” however, has highly distorted octa-
hedral geometry because in this structure, it is coordinated with
the 3�-OH group of the primer, the two carboxylate side chains
of Asp411 and Asp623, and the oxygen of the �-phosphate of the
incoming dNTP. However, the distance between the 3�-OH
group and P� of the incoming dUpNpp is too great to support
phosphodiester bond formation (6). Xia et al. (6) proposed that
as the reaction approaches the transition state, metal ion A
helps to reduce the 3�-OH-P� distance, facilitating covalent
bond formation (Fig. 1c). Similar results have been observed
when Mg2� occupies both the A sites and B sites, suggesting
that Mg2� and Mn2� share similar coordination geometries in
RB69 pol ternary complexes (6).

In addition to RB69 pol (6, 30), T7 pol (31, 32), Klenow frag-
ment (33–35), and Dpo4 (8, 10, 36), pol � has also been exten-
sively studied (9, 19 –21, 23). Although the topology of the Palm

domain of pol �, which contains the two conserved catalytic
carboxylates, differs between RB69 pol and pol �, the metal ion
coordination geometries are nearly identical. In fact, crystal
structures of all DNA pols have the same coordination geome-
try of the A and B metal ions (for examples, see Fig. 2).

DNA Polymerases Can Use Different Metal Ions for
Catalyzing Phosphoryl Transfer

Early studies by Sirover and Loeb (15, 37) measured pertur-
bations in the fidelity of DNA synthesis using AMV DNA pol.
They identified several metal ions as being mutagenic or carci-
nogenic including Ag�, Be2�, Cd2�, Co2�, Cr3�, Mn2�, Ni2�,
and Pb2� (15). Subsequent studies with E. coli DNA pol I (11,
38) showed that Co2� and Mn2� could effectively replace Mg2�

but caused an increase in misincorporation. Similar results
were reported with Mn2� and Co2� for human pol � and pol �
(39). Later studies by Snow et al. (7) showed that Ni2�, albeit
active, was an inefficient activator for a variety of DNA pols
including AMV pol, human pol �, T4 pol, Klenow fragment,
and T7 pol.

Pelletier et al. (9) have reported structures of pol � ternary
complexes in the presence of several different metal ions and
showed that apart from Mg2� and Mn2�, only Cd2� and Zn2�

catalyzed primer extension with a blunt-end DNA substrate.

SCHEME 1. Minimal kinetic scheme for DNA polymerases depicting vari-
ous fidelity checkpoints along the reaction pathway. EDN represents the
open conformation of the ternary collision complex, whereas FDN represents
the closed conformation. Additional details are provided in the text.

FIGURE 1. The structure of the tm RB69 pol ternary complex (Protein Data
Bank (PDB) accession number 3SJJ). a, ternary complex showing dUpNpp
bound in the active site with metal ions A and B. b, close-up of the tm RB69 pol
active site showing the B metal ion in perfect octahedral geometry and the A
metal ion in a distorted octahedral geometry. c, predicted position of 3�-OH
group in an idealized octahedron during the transition state. d, a close-up of
the coordination complex showing the two metal ions, the 3�-OH group, and
the � phosphate of the incoming dNTP.
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Egli and co-workers (36) carried out kinetic studies using Dpo4
pol with a variety of divalent cations and found that only Mg2�,
Mn2�, and Ca2� could support Dpo4-catalyzed polymerization
but that Sr2�, Ba2�, Zn2�, Cu2�, Ni2�, and Co2� were inactive.
Recent work by Vashishtha and Konigsberg (30) on RB69 pol
showed that, apart from Mg2� and Mn2�, Co2�, and to a lesser
extent Ni2�, were the only divalent cations that could support
both pol and exo activities. The metal ion preferences for dif-
ferent DNA pols are summarized in Table 1. Thus, DNA pols
from different families can utilize different metal ions as cofac-
tors, but they do not follow a pattern that can be predicted from
their physical properties.

Metal Ions Affect Various Fidelity Checkpoints during
DNA Replication

Divalent metal ions can alter the fidelity of DNA replication
at various points along the reaction pathway by: 1) affecting the
ground-state binding affinity of correct and incorrect dNTPs to
DNA pol�P/T binary complexes (16); 2) promoting misincorpo-
ration during primer extension (8); and 3) influencing exonu-
clease activity (17). Scheme 1 shows the various fidelity check
points employed by DNA pols that minimize dNMP misincor-
poration. The effect of divalent cations on each of these check-
points will be addressed in the following sections.

The Effect of Metal Ions on Ground-state Binding Affinity
of Incoming dNTPs for pol�P/T Binary Complexes

Different divalent cations can affect the ground-state equi-
librium dissociation constant (Kd,g) for incoming dNTPs
(Scheme 2). Zhang et al. (40) used a dideoxy P/T containing
2AP opposite an incoming dNTP (the templating position) and
measured the Kd,g for dTTP binding, which was 9 �M in the
presence of Mg2�. This equilibrium binding assay was based on
the observation that, upon formation of the pol�P/T binary
complex, 2AP becomes unstacked and exists in a high fluores-
cence state (41, 42). The addition of dTTP results in 2AP stack-
ing (2AP is translocated from n position to n � 1 position) and
quenching of the 2AP fluorescence (41). In the same study (40),
there was no change in 2AP fluorescence when it was present at
a location one residue downstream from the templating posi-
tion when dCTP was added opposite dG as the templating base;
therefore the Kd,g for binding of the incoming dNTPs could not
be determined. In a similar study carried out by Wang and
co-workers (16) in the presence of Ca2�, the Kd,g values were
determined to be 53 nM and 53 �M for dTTP (correct) and
dCTP (incorrect) binding, respectively, opposite 2AP (when
2AP was present in the templating position), suggesting that the
identity of the divalent cation cofactor has a profound effect on
the ground-state equilibrium dissociation constant. Hariharan
et al. (41) also reported a Kd,g value of 31 �M for dTTP binding
opposite 2AP with T4 pol in the presence of Mg2�, similar to
the value reported for RB69 pol (16). A more comprehensive
study on the effect of different divalent cations on ground-state
binding affinity for incoming dNTPs was carried out by Vash-
ishtha and Konigsberg (30), where the Kd,g values were mea-
sured in the presence of Mg2�, Mn2�, Co2�, and Ca2� with
RB69 pol. Their results showed that the dissociation con-
stants for dTTP binding opposite 2AP in RB69 pol ternary

FIGURE 2. Comparison of metal ion bound structures of the tm RB69 pol
with other DNA polymerases. a, superposition of the tm RB69 pol with T7
DNA pol (PDB accession number: 1T7P, green), HIV reverse transcriptase (HIV
RT) (PDB accession number: 1RTD, cyan), and Dpo4 (PDB accession number:
2AGQ, magenta). b, superposition of the tm RB69 pol with pol � (PDB acces-
sion number: 2FMS, golden).

SCHEME 2. Minimal Kinetic scheme for DNA polymerases depicting the
ground-state binding affinity (Kd,g) and apparent binding affinity
(Kd,app) for an incoming dNTP. EDN represents the open conformation of
the ternary collision complex, whereas FDN represents the closed
conformation.

TABLE 1
Summary of metal ion preferences of different DNA polymerases
Metal ions that activate the respective DNA polymerase are shown with �, and those that are not able to support the polymerase activity are shown with �. Bst,
B. stearothermophilus.

DNA polymerase
Metal ion

Mn2� Co2� Fe2� Ni2� Zn2� Cd2� Sr2� Ba2� Cu2� Cr3� Ca2�

DNA pol I � � � � � � � � � � �
Human pol � � � � � � � � � � � �
pol � � �a � � � � � � � � �
AMV DNA pol � � � � � � � � � � �
T4 pol � � � � � � � � � � �
T7 pol � � � � � � � � � � �
RB69pol � � � � � � � � � � �
Bst pol � �b � �b �b �b � � �b � �
Dpo4 pol � �a � � � � � � � � �

a Studies by Pelletier et al. (9) and Egli and co-workers (36) previously claimed that human pol � and Dpo4 were not able to utilize Co2� as cofactor. However, recent studies
by Vashishtha and Konigsberg (30) showed that both pol � and Dpo4 can catalyze primer extension in the presence of Co2� as explained in the text.

b See Footnote 3.
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complexes decreased from Mg2�, Co2�, Mn2�, and Ca2� in
that order. A similar pattern of dissociation constants was
observed for dCTP binding opposite 2AP. In general, the
Kd,g values were substantially lower with Mn2� as compared
with Mg2� (30). This may be due to the ability of Mn2�, in
contrast to Mg2�, to accommodate base pairs other than the
regular Watson-Crick base pairs in the nucleotide binding
pocket. The possible reasons for this are discussed in the
following sections.

Effect of Metal Ions on Base Selectivity

Numerous studies have shown that various divalent cat-
ions affect the base selectivity of pols to different extents (13,
14, 43– 46). Substitution of Mg2� by Mn2� generally results
in a decrease in the fidelity of DNA pols including T4 pol (14,
47), T7 pol (31), E. coli DNA pol I (13, 48), AMV DNA pol
(45), and pol � (9). Beckman et al. (48) showed that at very
low [Mn2�] (�1 �M), the fidelity of DNA replication is sim-
ilar to that observed with Mg2� and that the decrease in
fidelity is only observed at elevated [Mn2�] (�100 �M). The
possible reasons for this behavior include the binding of
Mn2� to the DNA template at elevated [Mn2�]. Other diva-
lent cations including Co2� and Ni2� have been reported to
have similar effects on base selectivity as a function of the
metal ion concentration (12). Pre-steady-state kinetic stud-
ies by Vashishtha and Konigsberg (30) showed that Mn2�

and Co2� are cofactors for RB69 pol-catalyzed reactions.
Surprisingly, the incorporation efficiency for correct incom-
ing dNTPs was higher with Co2� than with Mg2� or Mn2�.
In contrast, base selectivity was decreased with Co2� versus
Mg2� but not nearly as much as when Mn2� replaced Mg2�

(30). Of all the divalent cations tested, Mn2� is the most
highly mutagenic as Mn2� promotes misincorporation by
increasing the rate of incorporation (kpol or Vmax) as well as
by decreasing the Kd,app or Km values for incorrect incoming
dNTPs (14, 30) (where kpol is the maximum rate of dNMP
incorporation, and Kd,app is the apparent equilibrium disso-
ciation constant for [dNTP] that supports the half-maximal
rate of dNMP incorporation).

Rare Tautomer Hypothesis for Mutagenesis When Mn2�

Is Present

Occasionally, replicative DNA pols incorporate mismatched
nucleotides (49) via the formation of high-energy tautomers
(50 –52). In fact, Beese and co-workers (53) provided structural
evidence for the presence of these rare tautomers using a
D598A/F710Y double mutant of a catalytically competent frag-
ment of Bacillus stearothermophilus pol. Beese and co-workers
(53) showed that, in the presence of Mn2�, the C/A mismatch
adopts a tautomeric cognate base pair shape that is virtually
indistinguishable from the canonical, Watson-crick base pair in
double-stranded DNA at the insertion site. With Mn2�, the
triphosphate tail was properly aligned for catalysis, and the po-
lymerase was in a closed conformation, facilitating the misin-
corporation. In contrast, in the presence of Mg2�, the C/A
mismatch forms a non-cognate wobble base pair, and the poly-
merase adopts an “ajar” or partially closed conformation, which
prevented mismatch incorporation. In addition, the triphos-

phate tail of the incoming incorrect dNTP was not properly
aligned for catalysis, which helped to prevent misincorporation.
These results provide a structural rationale for the mutagenic
behavior of Mn2� in this situation.

Effect of Metal Ions on the Exonuclease Activity

Similar to the polymerase active site, the exonuclease site
also requires divalent cations to catalyze the 3�-5�-exonuclease
activity associated with several DNA pols (5, 30, 32, 35, 54, 55).
Divalent cations are required but have a varying effect on the
exonuclease activity. Results with RB69 pol (30) showed that, as
compared with Mn2� and Co2�, Mg2� was most effective in
promoting base excision but the exo rates varied only slightly
among these three metal ions. Ni2� on the other hand caused a
dramatic decrease in exo activity (33-fold with Ni2� versus
Mg2�). Similarly, the rates of base excision were reported to be
nearly identical for E. coli DNA pol I with Mg2�, Mn2�, and
Co2� (11).

All DNA pols Can Utilize Co2� as Cofactor

In addition to Mg2�, most other DNA pols can also use
Mn2�and Co2�, albeit with reduced fidelity (11–13, 15, 30).
Pelletier et al. (9) and Egli and co-workers (36) have shown that
pol � and Dpo4 are the two known exceptions that cannot be
activated by Co2�. In contrast, Vashishtha and Konigsberg (30)
showed that these DNA pols can actually catalyze primer exten-
sion in the presence of Co2�. The apparent conflicting results
can be rationalized based on the fact that different assay condi-
tions were used by each of these groups. For example, Pelletier
et al. (9) used blunt-ended DNA with pol �, whereas Vashishtha
and Konigsberg (30) used a P/T with a four-base overhang 5� to
the templating base. In the Egli and co-workers (36) experi-
ments, 2 mM DTT was included in their assay with Dpo4, which
reduced Co2� to Co1� (E0 � �0.33 V for DTT versus �0.28 V
for Co2�). DTT was omitted by Vashishtha and Konigsberg
(30) in their assays of Dpo4, so cobalt remained as Co2�. Based
on these results, it appears that Co2� can support catalysis for
all DNA pols that have been studied to date.

Properties of Divalent Cations That Can Activate DNA
Polymerases

Magnesium is in the second row of the periodic table and has
2s electrons that are typically lost when it becomes Mg2� (56).
Together with two 3d orbitals, Mg2� forms unoccupied stable
sp3d2 hybrid orbitals for six coordination ligands. Because of
the involvement of 3d orbitals, the coordination bonds are very
strong. The average covalent length is 2.09 Å when all high-
resolution Mg2�-containing protein structures are compared
(6, 29, 57). When carboxylate groups are ligands, the coordina-
tion bond lengths are typically reduced slightly relative to non-
carboxylate ligands. Manganese is in the third row of the peri-
odic table and has two electrons in 3d orbitals, which are more
stable than its 3s electrons. When it loses two 3s electrons, it
becomes Mn2�, and leaves two 3d electrons in parallel config-
urations with two separate 3d orbitals in a high-spin state (56).
Upon hybridization in sp3d2 orbitals, the coordination geome-
try is also octahedral. Due to the involvement of 3s orbitals, the
coordination bond lengths increase to 2.22 Å when all the
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Mn2�-containing high-resolution protein structures are com-
pared (6, 9, 57). The increased distance between adjacent oxy-
gen ligands of Mn2� (2.22 Å relative to 2.09 Å for Mg2�) per-
mits the Mn2� coordination octahedron to access ligands that
have larger deviations of coordination bond lengths than Mg2�.
This is also true for ligands from the triphosphate moieties of
mismatched dNTPs.

Proceeding from Mg2�, to Mn2�, to Ca2�, the coordination
bond lengths continue to increase from 2.09, 2.22, and 2.40 Å
for corresponding metal ion-containing high-resolution pro-
tein structures (6) However, increased coordination bond
lengths also pose problems for reducing the apical ptO3�-P�
distance in the transition state. In fact, RB69 pol is completely
inactive with Ca2�, because the shortest estimated ptO3�-P�
distance estimated would be about 3.3 Å, which is too great for
nucleophilic attack of ptO3� on the P� center (6). The reason
why Mn2� is catalytically active is that certain Mn2� coordina-
tion bond lengths can be reduced to those of Mg2� at the
expense of increasing the bond lengths of its adjacent ligands,
i.e. distortion of the octahedrons (6). Although Mn2� remains
in a high-spin state in most protein structures, it can be con-
verted to low spin in the transition state where two of its 3d
electrons occupy the same orbital and the coordination bond
lengths are reduced to those of Mg2� (57). This conversion can
accelerate incorporation of any dNMP, correct or incorrect,
once they are stabilized in a closed ternary complex. When
going from Mn2� to Co2�, two more electrons are added to the
3d orbital, which results in a low-spin state. As a consequence,
the Co2� coordination bond lengths are reduced to 2.09 Å,
almost identical to those of Mg2�, which could account for
activation of various DNA pols by Co2�. From Co2� to Zn2�,
the preferred coordination geometry becomes tetrahedral
instead of octahedral, notably in Zn2�-binding motifs that
involve Cys and His residues. Thus, neither Zn2� nor Cd2� can
be used by most DNA pols as catalytic metal ions. pol � (9) and
B. stearothermophilus DNA pol I large fragment3 are the only
two DNA pols that can be activated by Zn2� and Cd2�, but the
reason for this is not known.

The ability to reduce the pKa of bound water is very similar
for Mg2� and Mn2� but is considerably higher for Co2�, Ni2�,
Zn2�, and Cd2� (Table 2). Based on this property alone, Co2�,

Ni2�, Zn2�, and Cd2� should be more effective as cofactors
than Mg2� and Mn2�, but this does not agree with the experi-
mental data obtained with nearly all DNA pols (11–13, 15, 30,
36 –38, 58), so other issues must be involved. The ionic radii of
metal ion A play a crucial role in determining the proximal
distance between the 3�-hydroxyl group and �-phosphorous
atom of the incoming dNTP as the transition state is
approached. The ionic radii of Mn2�, Co2�, Ni2�, and Zn2� are
very close to that of Mg2� (Table 2), enabling all these metal
ions to potentially bring the 3�-hydroxyl group and �-phos-
phate atom of the incoming dNTP close enough for reaction as
opposed to Cd2� and Ca2�, whose ionic radii are larger than
that Mg2� (56). Despite its ability to lower the pKa of bound
water and despite having similar ionic radii to Mg2�, Zn2� is
not able to activate most DNA pols. Based on its properties
(Table 2), Ni2� would be expected to substitute for Mg2�, but it
is not clear why Ni2� is such a poor cofactor for DNA pols
despite having similar physical properties as Mg2�.

Ca2� does not support primer extension with DNA pols with
the exception of Dpo4 (6). One possible reason for this is the
inability of Ca2� to lower the pKa of the 3�-hydroxyl group of
the primer as compared with Mg2� (12.8 versus 11.4). The ionic
radius of Ca2� is also significantly larger than that of Mg2� (1.1
Å versus 0.86 Å), which renders Ca2� ineffective in polarizing
the hydroxyl group for nucleophilic attack. Dpo4 is the only
DNA polymerase that can be activated by Ca2�, although its
ability to act as a cofactor is much reduced as compared with
Mg2� (36).

Mn2� has been reported to be highly mutagenic, and this
behavior can be rationalized based on the fact that Mn2� is a
softer metal ion than Mg2�, suggesting that Mn2� is more
polarizable than Mg2� (44). In terms of a hexahydrated com-
plex of Mn[H2O]6

2�and Mg[H2O]6
2�, there is a greater

energy penalty with Mg2� as compared with Mn2� when the
inner sphere coordination number is changed from 63534,
indicating more rigid coordination requirements for Mg2�

complexes, which allows less freedom for mismatched
dNTPs to be accessible to the nucleotide binding pocket
(44). Transition metal ions such as Mn2� bind more tightly
to carboxylate groups and the triphosphate moiety of dNTPs
as compared with Mg2� (9), which could explain its ability to
reduce base selectivity.

To summarize, DNA pols from different families are able to
utilize different divalent cations as cofactors to catalyze primer
extension. Crystal soaking experiments with pol � have shown
that Zn2� and Cd2� were active (9), whereas these metal ions
were not able to activate RB69 pol for catalysis (30). Ni2� can
support primer extension with all DNA polymerases, albeit
with greatly reduced activity except for Dpo4 (36), human pol �
(43), and pol � (9). Moreover, Dpo4 is the only polymerase that
can utilize Ca2�, although Ca2� is much less effective than
Mg2� (36). Thus, it seems that the abilities of different metal
ions to lower the pKa of the primer’s 3�-OH group, the respec-
tive coordination geometries, and size are the main but not the
only determinants of metal ion activation of DNA pols for catal-
ysis of nucleotidyl transfer and base excision.3 A. K. Vashishtha, J. Wang, and W. H. Konigsberg, unpublished data.

TABLE 2
Ionic radii, coordination geometry, and pKa of water molecules coor-
dinated to Mg2�, Mn2�, Co2�, Ni2�, Zn2�, Cd2�, and Ca2�

Td, tetrahedral; Sq, square planar; TBP, trigonal bipyramidal; Oct, octahedral; PBP,
pentagonal bipyramid; HBP, hexagonal bipyramidal.

Metal ion
Mg2� Mn2� Co2� Ni2� Zn2� Cd2� Ca2�

Ionic radius (Å) 0.86 0.81 0.89 0.83 0.88 0.95 1.1
Coordination Oct Oct Oct Oct Oct Oct Oct
Geometry Td Td Td Td Tda Td PBP

Sq Sq Sq TBP TBP HBP
TBP TBP

pKa of the water
molecule

11.4 11.5 10.0 10.6 7.0 9.0 12.8

a Although Zn2� can form octahedral complexes, the majority of Zn2� complexes
are tetrahedral.

MINIREVIEW: Effect of Metal Ions on DNA pol Kinetics and Fidelity

SEPTEMBER 30, 2016 • VOLUME 291 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 20873



References
1. Drake, J. W. (1969) Comparative rates of spontaneous mutation. Nature

221, 1132
2. Goodman, M. F., and Tippin, B. (2000) The expanding polymerase uni-

verse. Nat. Rev. Mol. Cell Biol. 1, 101–109
3. Filée, J., Forterre, P., Sen-Lin, T., and Laurent, J. (2002) Evolution of DNA

polymerase families: evidences for multiple gene exchange between cellu-
lar and viral proteins. J. Mol. Evol. 54, 763–773

4. Vashishtha, A. K., and Kuchta, R. D. (2016) Effects of acyclovir, Foscarnet,
and ribonucleotides on herpes simplex virus-1 DNA polymerase: mecha-
nistic insights and a novel mechanism for preventing stable incorporation
of ribonucleotides into DNA. Biochemistry 55, 1168 –1177

5. Vashishtha, A. K., and Kuchta, R. D. (2015) Polymerase and exonuclease
activities in herpes simplex virus type 1 DNA polymerase are not highly
coordinated. Biochemistry 54, 240 –249

6. Xia, S., Wang, M., Blaha, G., Konigsberg, W. H., and Wang, J. (2011)
Structural insights into complete metal ion coordination from ternary
complexes of B family RB69 DNA polymerase. Biochemistry 50,
9114 –9124

7. Snow, E. T., Xu, L. S., and Kinney, P. L. (1993) Effects of nickel ions on
polymerase activity and fidelity during DNA replication in vitro. Chem.
Biol. Interact 88, 155–173

8. Vaisman, A., Ling, H., Woodgate, R., and Yang, W. (2005) Fidelity of Dpo4:
effect of metal ions, nucleotide selection and pyrophosphorolysis. EMBO
J. 24, 2957–2967

9. Pelletier, H., Sawaya, M. R., Wolfle, W., Wilson, S. H., and Kraut, J. (1996)
A structural basis for metal ion mutagenicity and nucleotide selectivity in
human DNA polymerase �. Biochemistry 35, 12762–12777

10. Irimia, A., Loukachevitch, L. V., Eoff, R. L., Guengerich, F. P., and Egli, M.
(2010) Metal-ion dependence of the active-site conformation of the
translesion DNA polymerase Dpo4 from Sulfolobus solfataricus. Acta
Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 66, 1013–1018

11. Sirover, M. A., Dube, D. K., and Loeb, L. A. (1979) On the fidelity of DNA
replication: metal activation of Escherichia coli DNA polymerase I. J. Biol.
Chem. 254, 107–111

12. Sirover, M. A., and Loeb, L. A. (1977) On the fidelity of DNA replication.
Effect of metal activators during synthesis with avian myeloblastosis virus
DNA polymerase. J. Biol. Chem. 252, 3605–3610

13. Miyaki, M., Murata, I., Osabe, M., and Ono, T. (1977) Effect of metal
cations on misincorporation by E. coli DNA polymerases. Biochem. Bio-
phys. Res. Commun. 77, 854 – 860

14. Goodman, M. F., Keener, S., Guidotti, S., and Branscomb, E. W. (1983) On
the enzymatic basis for mutagenesis by manganese. J. Biol. Chem. 258,
3469 –3475

15. Sirover, M. A., and Loeb, L. A. (1976) Infidelity of DNA synthesis in vitro:
screening for potential metal mutagens or carcinogens. Science 194,
1434 –1436

16. Lee, H. R., Wang, M., and Konigsberg, W. (2009) The reopening rate of the
fingers domain is a determinant of base selectivity for RB69 DNA poly-
merase. Biochemistry 48, 2087–2098

17. Villani, G., Tanguy Le Gac, N., Wasungu, L., Burnouf, D., Fuchs, R. P., and
Boehmer, P. E. (2002) Effect of manganese on in vitro replication of dam-
aged DNA catalyzed by the herpes simplex virus type-1 DNA polymerase.
Nucleic Acids Res. 30, 3323–3332

18. Xia, S., and Konigsberg, W. H. (2014) RB69 DNA polymerase structure,
kinetics, and fidelity. Biochemistry 53, 2752–2767

19. Beard, W. A., and Wilson, S. H. (2014) Structure and mechanism of DNA
polymerase �. Biochemistry 53, 2768 –2780

20. Sobol, R. W., and Wilson, S. H. (2001) Mammalian DNA �-polymerase in
base excision repair of alkylation damage. Prog. Nucleic Acid Res. Mol. Biol.
68, 57–74

21. Beard, W. A., and Wilson, S. H. (2000) Structural design of a eukaryotic
DNA repair polymerase: DNA polymerase �. Mutat Res. 460, 231–244

22. Yang, L., Arora, K., Beard, W. A., Wilson, S. H., and Schlick, T. (2004)
Critical role of magnesium ions in DNA polymerase �’s closing and active
site assembly. J. Am. Chem. Soc. 126, 8441– 8453

23. Bakhtina, M., Lee, S., Wang, Y., Dunlap, C., Lamarche, B., and Tsai, M. D.

(2005) Use of viscogens, dNTP�S, and rhodium(III) as probes in stopped-
flow experiments to obtain new evidence for the mechanism of catalysis
by DNA polymerase �. Biochemistry 44, 5177–5187

24. Nakamura, T., Zhao, Y., Yamagata, Y., Hua, Y. J., and Yang, W. (2012)
Watching DNA polymerase � make a phosphodiester bond. Nature 487,
196 –201

25. Gao, Y., and Yang, W. (2016) Capture of a third Mg2� is essential for
catalyzing DNA synthesis. Science 352, 1334 –1337

26. Xia, S., Wang, J., and Konigsberg, W. H. (2013) DNA mismatch synthesis
complexes provide insights into base selectivity of a B family DNA poly-
merase. J. Am. Chem. Soc. 135, 193–202

27. Doublié, S., Tabor, S., Long, A. M., Richardson, C. C., and Ellenberger, T.
(1998) Crystal structure of a bacteriophage T7 DNA replication complex
at 2.2 Å resolution. Nature 391, 251–258

28. Johnson, S. J., Taylor, J. S., and Beese, L. S. (2003) Processive DNA
synthesis observed in a polymerase crystal suggests a mechanism for
the prevention of frameshift mutations. Proc. Natl. Acad. Sci. U.S.A.
100, 3895–3900

29. Jain, R., Rajashankar, K. R., Buku, A., Johnson, R. E., Prakash, L., Prakash,
S., and Aggarwal, A. K. (2014) Crystal structure of yeast DNA polymerase
� catalytic domain. PLoS ONE 9, e94835

30. Vashishtha, A. K., and Konigsberg, W. H. (2016) Effect of different divalent
cations on the kinetics and fidelity of RB69 DNA polymerase. Biochemistry
55, 2661–2670

31. Tabor, S., and Richardson, C. C. (1989) Effect of manganese ions on the
incorporation of dideoxynucleotides by bacteriophage T7 DNA polymer-
ase and Escherichia coli DNA polymerase I. Proc. Natl. Acad. Sci. U.S.A.
86, 4076 – 4080

32. Hori, K., Mark, D. F., and Richardson, C. C. (1979) Deoxyribonucleic acid
polymerase of bacteriophage T7: characterization of the exonuclease ac-
tivities of the gene 5 protein and the reconstituted polymerase. J. Biol.
Chem. 254, 11598 –11604

33. Kuchta, R. D., Mizrahi, V., Benkovic, P. A., Johnson, K. A., and Benkovic,
S. J. (1987) Kinetic mechanism of DNA polymerase I (Klenow). Biochem-
istry 26, 8410 – 8417

34. Venkitaraman, A. R. (1989) Use of modified T7 DNA polymerase (seque-
nase version 2.0) for oligonucleotide site-directed mutagenesis. Nucleic
Acids Res. 17, 3314

35. Joyce, C. M. (1989) How DNA travels between the separate polymerase
and 3�-5�-exonuclease sites of DNA polymerase I (Klenow fragment).
J. Biol. Chem. 264, 10858 –10866

36. Irimia, A., Zang, H., Loukachevitch, L. V., Eoff, R. L., Guengerich, F. P., and
Egli, M. (2006) Calcium is a cofactor of polymerization but inhibits pyro-
phosphorolysis by the Sulfolobus solfataricus DNA polymerase Dpo4. Bio-
chemistry 45, 5949 –5956

37. Sirover, M. A., and Loeb, L. A. (1976) Metal-induced infidelity during
DNA synthesis. Proc. Natl. Acad. Sci. U.S.A. 73, 2331–2335

38. Sirover, M. A., and Loeb, L. A. (1976) Metal activation of DNA synthesis.
Biochem. Biophys. Res. Commun. 70, 812– 817

39. Seal, G., Shearman, C. W., and Loeb, L. A. (1979) On the fidelity of DNA
replication: studies with human placenta DNA polymerases. J. Biol. Chem.
254, 5229 –5237

40. Zhang, H., Cao, W., Zakharova, E., Konigsberg, W., and De La Cruz, E. M.
(2007) Fluorescence of 2-aminopurine reveals rapid conformational
changes in the RB69 DNA polymerase-primer/template complexes upon
binding and incorporation of matched deoxynucleoside triphosphates.
Nucleic Acids Res. 35, 6052– 6062

41. Hariharan, C., Bloom, L. B., Helquist, S. A., Kool, E. T., and Reha-Krantz,
L. J. (2006) Dynamics of nucleotide incorporation: snapshots revealed by
2-aminopurine fluorescence studies. Biochemistry 45, 2836 –2844

42. Frey, M. W., Sowers, L. C., Millar, D. P., and Benkovic, S. J. (1995) The
nucleotide analog 2-aminopurine as a spectroscopic probe of nucleo-
tide incorporation by the Klenow fragment of Escherichia coli polymer-
ase I and bacteriophage T4 DNA polymerase. Biochemistry 34,
9185–9192

43. Chin, Y. E., Snow, E. T., Cohen, M. D., and Christie, N. T. (1994) The effect
of divalent nickel (Ni2�) on in vitro DNA replication by DNA polymerase
�. Cancer Res. 54, 2337–2341

MINIREVIEW: Effect of Metal Ions on DNA pol Kinetics and Fidelity

20874 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 40 • SEPTEMBER 30, 2016



44. Bock, C. W., Katz, A. K., Markham, G. D., and Glusker, J. P. (1999) Man-
ganese as a replacement for magnesium and zinc: functional comparison
of the divalent ions. J. Am. Chem. Soc. 121, 7360 –7372

45. Dube, D. K., and Loeb, L. A. (1975) Manganese as a mutagenic agent
during in vitro DNA synthesis. Biochem. Biophys. Res. Commun. 67,
1041–1046

46. Jin, Y. H., Clark, A. B., Slebos, R. J., Al-Refai, H., Taylor, J. A., Kunkel,
T. A., Resnick, M. A., and Gordenin, D. A. (2003) Cadmium is a
mutagen that acts by inhibiting mismatch repair. Nat. Genet. 34,
326 –329

47. Hays, H., and Berdis, A. J. (2002) Manganese substantially alters the
dynamics of translesion DNA synthesis. Biochemistry 41, 4771– 4778

48. Beckman, R. A., Mildvan, A. S., and Loeb, L. A. (1985) On the fidelity of
DNA replication: manganese mutagenesis in vitro. Biochemistry 24,
5810 –5817

49. Kunkel, T. A., and Bebenek, K. (2000) DNA replication fidelity. Annu. Rev.
Biochem. 69, 497–529

50. Harris, V. H., Smith, C. L., Cummins, W. J., Hamilton, A. L., Adams, H.,
Dickman, M., Hornby, D. P., and Williams, D. M. (2003) The effect of
tautomeric constant on the specificity of nucleotide incorporation during
DNA replication: support for the rare tautomer hypothesis of substitution
mutagenesis. J. Mol. Biol. 326, 1389 –1401

51. Topal, M. D., and Fresco, J. R. (1976) Complementary base pairing and the
origin of substitution mutations. Nature 263, 285–289

52. Bebenek, K., Pedersen, L. C., and Kunkel, T. A. (2011) Replication infidel-
ity via a mismatch with Watson-Crick geometry. Proc. Natl. Acad. Sci.
U.S.A. 108, 1862–1867

53. Wang, W., Hellinga, H. W., and Beese, L. S. (2011) Structural evidence for
the rare tautomer hypothesis of spontaneous mutagenesis. Proc. Natl.
Acad. Sci. U.S.A. 108, 17644 –17648

54. Doetsch, P. W., Chan, G. L., and Haseltine, W. A. (1985) T4 DNA poly-
merase (3�-5�) exonuclease, an enzyme for the detection and quantitation
of stable DNA lesions: the ultraviolet light example. Nucleic Acids Res. 13,
3285–3304

55. Kunkel, T. A., and Soni, A. (1988) Exonucleolytic proofreading enhances
the fidelity of DNA synthesis by chick embryo DNA polymerase-�. J. Biol.
Chem. 263, 4450 – 4459

56. Cotton, F. A., Wilkinson, G., Murillo, C. A., and Bochmann, M. (1999)
Advanced Inorganic Chemistry, 6th Ed., pp. 692– 854, John Wiley & Sons,
New York

57. Harding, M. M. (2006) Small revisions to predicted distances around
metal sites in proteins. Acta Crystallogr. D Biol. Crystallogr. 62, 678 – 682

58. Mildvan, A. S., and Loeb, L. A. (1979) The role of metal ions in the mecha-
nisms of DNA and RNA polymerases. CRC Crit. Rev. Biochem. 6, 219–244

MINIREVIEW: Effect of Metal Ions on DNA pol Kinetics and Fidelity

SEPTEMBER 30, 2016 • VOLUME 291 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 20875



Exosomes in the Pathology of
Neurodegenerative Diseases*
Published, JBC Papers in Press, November 16, 2016, DOI 10.1074/jbc.R116.757955

Jason Howitt‡1 and X Andrew F. Hill§2

From the ‡Florey Institute of Neuroscience and Mental Health, The
University of Melbourne, Parkville, Victoria 3010 and the §Department of
Biochemistry and Genetics, La Trobe Institute for Molecular Science, La
Trobe University, Bundoora, Victoria 3086, Australia

Edited by Paul Fraser

More than 30 years ago, two unexpected findings were discov-
ered that challenged conventional thinking in biology. The first
was the identification of a misfolded protein with transmissible
properties associated with a group of neurodegenerative dis-
eases known as transmissible spongiform encephalopathies.
The second was the discovery of a new pathway used for the
extracellular release of biomolecules, including extracellular
vesicles called exosomes. Two decades later, the convergence of
these pathways was shown when exosomes were found to play a
significant role in both the transmission and propagation of pro-
tein aggregates in disease. Recent research has now revealed that
the majority of proteins involved in neurodegenerative diseases
are transported in exosomes, and that external stresses due to
age-related impairment of protein quality control mechanisms
can promote the transcellular flux of these proteins in exo-
somes. Significantly, exosomes provide an environment that can
induce the conformational conversion of native proteins into
aggregates that can be transmitted to otherwise aggregate-free
cells in the brain. Here we review the current roles of exosomes
in the pathology of neurodegenerative diseases.

Exosomes are released into the extracellular environment by
the majority of cell types in the body. Originally identified to be
involved in the non-degradative removal of the transferrin
receptor during the maturation process of reticulocytes (1, 2),
exosomes have now also been recognized as an important com-
munication and signaling pathway in the body in both normal
and disease settings. Exosomes differ from other extracellular
vesicles (EVs)3 based on the secretion pathway used and the size
of the vesicle released. Unlike other EVs that can bud from the
plasma membrane, such as microvesicles (3), exosomes are cre-
ated from intraluminal vesicles that form within multivesicular
bodies (MVBs, or multivesicular endosomes). The subsequent

fusion of the MVB at the plasma membrane releases these ves-
icles into the extracellular milieu where they are known as exo-
somes (Fig. 1). This secretion process results in a large number
of exosomes being released in the body, with estimates of 3 �
106 exosomes per microliter of blood serum. Recent evidence
has highlighted the importance of exosomes both for cellular
communication and in the delivery of biomolecules.

The function of exosomes differs depending on the cell type
from which they originate. Initial in vivo studies identified that
exosomes derived from dendritic cells could express MHC class
II molecules to promote an immune response (4). Since then,
exosomes have been found to function in angiogenesis, inflam-
mation, morphogen transportation, and programmed cell
death (5). The richest area of exosome research, however, has
come from disease studies, in particular the cancer field. Recent
evidence has highlighted a role for exosomes to promote metas-
tasis and regulate tumor immune response (6). Of particular
interest is the ability of tumors to release exosomes that regu-
late distant cellular environments to initiate pre-metastatic
niche formation (7–9). These findings highlight the potential
for exosomes to spread disease pathways within the body (10).

The ability of exosomes to promote the spread of disease is
also thought to play a role in neurodegenerative disorders. A
common feature of these disorders is the deposition of mis-
folded, aggregated forms of specific proteins in defined neuro-
anatomical locations. As the diseases progress, these misfolded
proteins spread along distinct pathways, suggesting that the
pathological process may involve the movement of misfolded
proteins from one site to another (11). Exosomes containing
aggregation-prone proteins involved in Parkinson’s disease
(PD), Alzheimer’s disease (AD), Creutzfeldt-Jakob disease
(CJD), and amyotrophic lateral sclerosis (ALS) have all been
found in the cerebral spinal fluid and blood of patients affected
by these disorders. These and other findings have led to sugges-
tions that neurodegenerative disorders may in fact be transmis-
sible in the brain (12). Until recently, the prion protein (PrPSc)
protein involved in CJD was the only known transmissible pro-
tein accountable for the spread of disease (13). However, recent
evidence using both animal and cellular models has now shown
that other neurodegenerative proteins may also be transmissi-
ble (14, 15). It should be made clear, however, that epidemio-
logical data clearly show an extended time course for the gen-
eration of different disease states when compared with PrPSc

related diseases. Given these new findings, it is important to
understand the terminology used in describing protein aggre-
gation and propagation involved in neurodegeneration.

Types of Aggregated Proteins in Neurodegenerative
Diseases

A similar model of disease progression is thought to occur for
the majority of neurodegenerative diseases. An abnormally
folded disease-related protein self-associates into a �-sheet
structure to form an ordered aggregate with the ability to prop-
agate in a cell. However, the terminology used to define these
structures and the ability to propagate not only within cells but
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also from cell to cell or between individuals is somewhat con-
tentious. The term amyloid has been used widely for over 100
years to describe extracellular protein aggregates found in
organs and tissue that are insoluble and resistant to degrada-
tion. The �-amyloid (A�) peptide that forms amyloids in Alz-
heimer’s disease is perhaps the best known of these aggregates
(16). A separate type of aggregate in neurodegeneration forms
intracellularly, composed mainly of �-synuclein; they are
termed Lewy bodies (17) and are known to be involved in a
number of synucleinopathies such as PD and dementia with
Lewy bodies (DLB). The term prion (proteinaceous infectious
particle) was coined to describe an infectious protein aggregate
capable of transmission between individuals (13). The PrPSc

protein that is involved in CJD in humans, scrapie in sheep, and
bovine spongiform encephalopathy in cows was identified to be
the infectious agent in prion pathology. Based on this definition
and recent discoveries in different neurodegenerative diseases
about the transmission of pathology not involving PrP, further
terms such as prionoid or prion-like (describing proteins capa-
ble of cell-to-cell propagation within individuals, but unable to
infect other individuals) have been described (18). Although
infectivity was thought to be the defining property of prions, a
broader definition of prions has now also been suggested,
describing prions as proteins that acquire alternative confor-
mations and become self-propagating (19). This has caused
considerable debate in the field (20); however, the semantics for
the terminology used to describe aggregation-prone proteins
and transmission in neurodegeneration may be unified in the
future given recent findings describing the potential for iatrogenic
transmission of A� pathology between humans (21). Here we
review a number of neurodegenerative diseases with a focus on the
role of exosomes in the transmission of protein aggregates.

Prion Diseases

Prions are the prototypical form of transmissible neurode-
generative disorders, and are thought to be composed princi-

pally of misfolded conformers of specific proteins that can
induce further misfolding of these proteins in a catalytic mech-
anism. Prion diseases in humans include CJD, Gerstmann-
Sträussler-Scheinker disease, and kuru; in animals, they mani-
fest as scrapie in sheep and bovine spongiform encephalopathy
in cattle. The “protein-only” hypothesis for the transmission of
the disease was first speculated by Griffith (22) and was subse-
quently shown by Prusiner (13). It is now widely accepted that
misfolding of the host-encoded prion protein, PrPC, into a dis-
ease-associated transmissible form, PrPSc, results in the trans-
mission of pathology not only between cells but also from one
organism to another. In humans, prion diseases manifest as
rapidly progressing dementias with clinical signs of vision loss
and cerebellar ataxia, and are currently untreatable.

Although the exact mechanism by which prion disease is
transmitted intercellularly is yet to be identified, studies have
shown that this may occur by cell-cell contact (23) or via tun-
neling nanotubes (24). The observation that prions can be
detected in the lymphoreticular system of animals and humans
with these diseases suggests that a mechanism exists whereby
prion transmission can occur extracellularly without the need
for cellular contact (25, 26). Over the last decade, a number of
studies have highlighted a role for exosomes in the transmission
of prions. PrPC and PrPSc isoforms of the prion protein were the
first neurodegenerative proteins found to be secreted from the
cell in association with exosomes (27). Exosomal PrPSc was
found to transmit protein aggregation in rabbit kidney epithe-
lial cells, whereas exosomes containing PrPC did not transmit
aggregation. Subsequent in vivo experiments were able to show
that exosomes derived from prion-infected mice were able to
transmit aggregation to naive mice as well as cultured cells (28,
29). Importantly transmission between heterologous cell types
has also been observed, indicating that exosomes may be
involved in the transmission of disease from the periphery to
the central nervous system, and this may explain the presence

FIGURE 1. Schematic depicting the pathways involved in the biogenesis of exosomes containing proteins associated with neurodegenerative dis-
eases. A, the prion protein (PrPc) is found on the cell surface anchored by a glycosylphosphatidylinositol (GPI) linker to lipid rafts. PrPc can be internalized via
early endosomes, and through a ceramide-dependent process (99), it can enter MVBs. MVB fusion with the cell surface results in the release of PrPc in exosomes.
B, �-synuclein is a cytoplasmic protein that can be found on early endosomes. Through a process involving ceramide, tetraspanins, or endosomal sorting
complexes required for transport (ESCRT) components, �-synuclein is directed into MVBs. Both PARK9 (51, 52) and Rab11 (48) have been shown to promote the
exosomal release of �-synuclein. C, APP is a cell surface transmembrane protein that can be processed by a number of proteases. APP is found on early
endosomes, where it can be cleaved by secretases (71) to form secreted APP� (sAPP�), A�, and APP intracellular domain (AICD). The AICD fragment can traffic
to the nucleus, whereas A� can be trafficked into MVBs through a process involving ceramide, tetraspanins, or ESCRT components. Fusion of the MVB with the
plasma membrane results in the subsequent release of exosomes containing A� from the cell. Exosome-independent pathways for A� release can result in
extracellular A� that can be sequestered by exosomes, which can then be degraded by microglia (73).
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of PrPSc in the lymphoreticular system during the disease. A
recent study has indicated that exosomal release is the main
pathway for prion secretion from the cell (30); this is in contrast
to other neurodegenerative proteins where exosomes are found
to export only a small proportion of the total extracellular pro-
tein (31).

One aspect of prion biology that has become relevant for
other proteins that misfold and have prion-like activity is the
existence of strains. Prion strains are classically defined as dis-
tinct isolates that, when transmitted to a susceptible host,
produce a unique clinical presentation, often measured in the
incubation period, pattern of neuronal damage, and disease
phenotype. In the absence of a nucleic acid genome, which
could account for strain-specific differences, prion strains have
been explained by distinct conformers of the PrPSc structure
itself, which encodes these (32, 33). These have been identified
using structural techniques and biochemical methods to iden-
tify unique patterns of proteolysis of PrPSc on Western blots.
Recently, it has been demonstrated that both A� and �-sy-
nuclein can also exhibit distinct strain properties, which are
maintained when oligomeric conformers of these proteins are
transmitted to susceptible animals (34, 35). Whether the load-
ing of oligomeric, neurotoxic forms of these proteins into exo-
somes is influenced by strain-specific conformers remains to be
established.

Parkinson’s Disease

Parkinson’s disease is a neurodegenerative disorder with
motor symptoms that affects �1% of the population over 65
years of age. It is characterized by histopathological lesions
known as Lewy bodies (LBs) that predominantly contain the
intrinsically disordered protein �-synuclein. Mutations, multi-
plications, and polymorphisms in the SNCA gene encoding
�-synuclein are associated with familial forms of PD and sus-
ceptibility to idiopathic PD. Obvious motor symptoms are asso-
ciated with the clinical phase of the disease combined with the
loss of dopaminergic neurons of the substantia nigra; however,
preceding this, there is a prodromal phase where patients can
show a number of symptoms including hyposmia (loss of
smell), disturbed sleep, and gastrointestinal dysfunction. These
early symptoms, along with findings on the distribution pattern
of �-synuclein aggregates, have led to the hypothesis that PD
may start in either the enteric nervous system or olfactory bulbs
before spreading to other regions of the brain during disease
progression (11). How this transmission of PD occurs is cur-
rently not fully understood, but it has been suggested to occur
through tunneling nanotubes, cell-cell contact, or exosomal
transfer.

Extracellular Release of �-Synuclein

Although �-synuclein does not contain a sorting signal for
extracellular release, soluble and aggregated �-synuclein has
been detected in many body fluids, including brain interstitial
fluid, plasma, and cerebral spinal fluid (CSF) (36, 37). In vitro
experiments have identified extracellular �-synuclein secretion
either through direct translocation across the plasma mem-
brane or alternatively via a more specific mechanism in exo-
somes via the endosome pathway (38, 39). The first detection of

exosomal �-synuclein indicated that the protein could be
released from the cell in a calcium-dependent manner and
could result in cell death in recipient cells (39). Subsequent
studies have identified exosomal �-synuclein from multiple dif-
ferent cell types and also from patient-derived CSF and blood.
The amount of exosomal �-synuclein found in PD patients
when compared with controls has been shown to be variable,
with some studies indicating an increase of exosomal �-sy-
nuclein in PD patients (40), whereas others have shown a
decrease of exosomal �-synuclein in PD patients (31). Indepen-
dent of this, the amount of exosomal �-synuclein has been
found to vary within different synucleinopathies, with
increased exosomal �-synuclein found in PD when compared
with DLB (31). Together these findings suggest that exosomes
may play a role in the transmission of �-synuclein in disease.
However, it should be noted that the majority of extracellular
�-synuclein is not contained in exosomes, with most �-sy-
nuclein found in CSF or conditioned medium being free and
only a small fraction contained in exosomes (31, 40).

Exosomes Provide an Environment to Promote the
Aggregation of �-Synuclein

If exosomes contain low levels of �-synuclein, are they really
of any relevance to PD pathology? Recent evidence suggests
that exosomes may provide a critical environment that pro-
motes the aggregation of �-synuclein, potentially providing a
platform for the propagation of PD pathology. Danzer et al. (41)
showed the first evidence for oligomerized �-synuclein in exo-
somes using bioluminescent protein-fragment complementa-
tion assays. Importantly, this study identified that exosomal
�-synuclein was delivered more efficiently to cells when com-
pared with free �-synuclein, highlighting the importance of
exosomal �-synuclein for transmission of oligomers between
cells. Supporting these findings, exosomes from the CSF of PD
patients was able to induce the oligomerization of �-synuclein
when compared with control CSF (31). Further analysis of exo-
somal �-synuclein in CSF of both PD and DLB patients showed
a linear correlation in the ability to induce the oligomerization
of �-synuclein when compared with control CSF exosomes.
Although the authors did not detect aggregates of �-synuclein
in the exosomes from the patient CSF, the ability to promote
the oligomerization of �-synuclein suggests that these species
are present in exosomes from both PD and DLB patients.

To further understand the role of exosomes in the aggrega-
tion of �-synuclein, Gray et al. (42) investigated the aggregation
kinetics of exosomal �-synuclein. Significantly, they found that
exosomes could catalyze the aggregation of �-synuclein in a
similar manner, as has been shown for preformed �-synuclein
fibrils. Interestingly, phospholipids were found to inhibit �-sy-
nuclein aggregation; however, vesicles containing ganglioside
lipids GM1 or GM3 were found to accelerate �-synuclein
aggregation. These findings suggest that exosomes can provide
an environment for the initial nucleation event giving rise to
pathological states of �-synuclein. Assuming that exosome
membranes may also provide a local concentration gradient of
�-synuclein (as opposed to free �-synuclein in CSF, plasma, or
interstitial fluid), as well as protection from degradation (38),
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indicates the potential of exosomes as a key environment for
the transmission of PD pathology.

Mechanisms and Physiological Conditions for the Release of
�-Synuclein in Exosomes

A number of pathways have been investigated for the release
of �-synuclein in exosomes. A hallmark of PD is the failure of
protein regulation by the ubiquitin proteasome system and
the autophagy-lysosome pathway (ALP); both, when compro-
mised, can result in intracellular protein aggregates. A failure of
ALP has been found to be important for the release of extracel-
lular �-synuclein. Lysosomal dysfunction by either pharmaco-
logical or genetic manipulation increases exosomal release of
�-synuclein (43– 45). In contrast, the induction of autophagy
has been shown to inhibit the secretion of exosomes through
the fusion of MVBs with autophagosomes (46). Interestingly,
inhibition of ALP reduced intracellular �-synuclein aggrega-
tion but increased secretion of �-synuclein oligomers that can
affect the surrounding environment, providing a mechanism
for pathogenic transmission of �-synuclein (47). The GTPase
Rab11, which is required for late endosomal vesicle formation,
has been found to be important in this process. Overexpression
of Rab11 has been shown to reduce aggregate formation in cells
(48) while also increasing the release of exosomal �-synuclein
(47).

Also in the lysosomal pathway is the gene PARK9, mutations
in which cause Kufor-Rakeb syndrome, a juvenile-onset Par-
kinsonism (49). PARK9 has also been found to regulate extra-
cellular �-synuclein (50). PARK9 deficiency causes lysosomal
dysfunction and �-synuclein accumulation, whereas PARK9
overexpression suppresses cellular toxicity of �-synuclein (51,
52). Importantly, PARK9 is also involved in the biogenesis of
exosomes and has been found to increase exosomal �-synuclein
(51, 52). As such, PARK9 appears to function in a similar man-
ner as Rab11 in regulating �-synuclein trafficking. However,
both of these pathways appear to increase exosomal �-sy-
nuclein through an increase in the release of exosomes rather
than specifically loading �-synuclein into exosomes. It is inter-
esting to note that the increase in exosomal �-synuclein occurs
concomitantly with a loss of protein aggregation in the cell,
suggesting a survival mechanism that protects the cell from
aggregates but can also result in the potential to propagate
�-synuclein to the surrounding environment.

Are there specific pathways involved in the loading of �-sy-
nuclein into exosomes? Currently, no direct mechanism has
been identified, although pathways involving sumoylation and
environmental factors such as pesticides have been shown to
increase exosomal �-synuclein (53, 54). It is expected that
future studies will identify whether specific mechanisms are
activated to promote exosomal �-synuclein release, greatly
increasing our understanding of �-synuclein propagation with
the potential for early intervention strategies in the disease
process.

Exosomes in the Transmission of �-Synuclein Pathology

The concept of interneuronal transmission of �-synuclein
originated from observations that �-synuclein pathology in the
brain propagates from both the olfactory bulbs and also the

brain stem in a caudal-rostral pattern toward the midbrain and
neocortex (11, 55). Further support for the �-synuclein trans-
mission hypothesis was provided in 2008 when two groups
detected �-synuclein aggregates in transplanted embryonic
neurons in Parkinson’s disease patients’ brains (56, 57).
Although these studies did not equivocally prove that �-sy-
nuclein transmission had occurred between neurons, they pro-
vided substantial evidence. Subsequently, animal model studies
have shown neuron-to-neuron transfer of �-synuclein in the
mouse and primate brain (58, 59), internalization of exogenous
�-synuclein fibrils, and induction of neuronal �-synuclein
aggregation in vitro and in vivo (60 – 63). These experimental
systems provided valuable proof of concept for the transmis-
sion of pathology, but the pathophysiological relevance of these
data should be viewed with caution given the concentrations of
aggregates used and the animal systems being investigated (pre-
dominately transgenic animals overexpressing �-synuclein).

Evidence for transmission of exosomal �-synuclein has
mainly been limited to in vitro studies, although it is not clear
whether studies using brain extracts that resulted in the prop-
agation of �-synuclein pathology also contained exosomal
�-synuclein (64). Recently, exosomes derived from the CSF of
PD patients have been shown to transmit �-synuclein aggrega-
tion using a reporter cell line (31), but as yet, no direct proof
for in vivo exosomal transmission of �-synuclein has been
observed.

Alzheimer’s Disease

AD is a late-onset neurological disorder causing progressive
loss of memory and cognitive abilities as a result of excessive
neurodegeneration. The exact etiology of Alzheimer’s disease
still remains a topic of debate; however, it is clear that the accu-
mulation of A� peptides in plaques combined with neurofibril-
lary tangles of tau are important for the progression of the
disease (65). A� peptides are derived from the proteolytic pro-
cessing of the amyloid precursor protein (APP). This pro-
cessing event can occur in multiple locations in the cell, with
the importance of APP trafficking and processing highlighted
by loci for late-onset AD mapping to processes regulating endo-
somal vesicle recycling (66 – 69). Significantly, the endosomal
pathway is also critical for the formation of exosomes.

Extracellular Release of APP and Its Metabolites

Over 25 years ago, extracellular APP was identified and
thought important for the generation of plaques in the brains of
AD patients (70). This result was somewhat surprising given
that APP is an intracellularly generated protein containing a
transmembrane domain. The first identification of AD-linked
proteins and peptides in exosomes was discovered while inves-
tigating the location of APP cleavage events. Rajendran et al.
(71) determined that �-secretase cleaved APP on early endo-
somes, which subsequently resulted in the trafficking of A� to
MVBs. A small fraction of the A� peptide was found to be
sorted into intraluminal vesicles in MVBs, resulting in the
export of A� in exosomes. The authors went on to show that
exosomal proteins could be found to accumulate in the plaques
of AD patient brains, suggesting a role for exosomes in the
spread of pathogenesis in AD.
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Since this discovery, the full-length APP protein and many of
its metabolites have also been found in exosomes, both from in
vitro cell culture studies and also from the CSF and blood of PD
patients. APP and the C-terminal fragments of APP (CTFs-
APP) have been consistently identified in exosomes, and
importantly, many of the proteases involved in APP processing
have also been found in exosomes (72). This suggests that pro-
teolytic processing of APP may occur in situ in the exosome
microenvironment; however, the function of these products in
exosomes remains open to debate. A number of laboratories
have determined that exosomal release of APP and its metabo-
lites provides a protective role in neurodegeneration. Of note, it
was found that neuron-derived exosomes can facilitate rapid
conformational change of A� into nontoxic amyloid fibrils,
which can subsequently be internalized by microglia for degra-
dation (73). Exosomes from N2a neuroblastoma and BV-2
microglial cells have also been reported to promote degradation
of A� through proteolysis via exosome-associated insulin-de-
grading enzyme (74, 75).

Although exosomes present a potential mechanism for the
clearance of A� from the cell, it is clear that this mechanism can
also pose a risk to surrounding cells, with the potential for exo-
somes to increase the aggregation potential of A� peptides.
Similar to findings in PD with �-synuclein, studies have high-
lighted the role of ganglioside lipids (GMs) found in exosomes
in the formation of A� aggregates, resulting in the trafficking of
potentially pathogenic forms of the peptide. In particular,
blocking GM1 formation can abrogate the aggregation of A� in
exosomes (73, 76).

Mechanisms for the Release of APP and Its Metabolites

Currently, there is no specific mechanism known to be
involved in the extracellular release of APP or its metabolites.
Indeed, it is still unclear where exosomes containing A� are
derived, with evidence for exosomal release of A� from both
neurons as well as reactive microglia (73, 75). A consensus
toward dysfunction in autophagy pathways has recently been
established as a critical pathway in A� pathology. Autophago-
somes have been found to contain proteases required for APP
cleavage and more recently to be involved in the release of
extracellular A� (77, 78). However, this is not a direct mecha-
nism to promote the release of A� in exosomes, but rather a
result of pathway failures in the cell. It remains to be deter-
mined whether there are specific mechanisms for the release of
APP or any of the proteolytically cleaved products of APP.

Exosomes and the Transmission of AD Pathology

The role of exosomes in the transmission of AD pathology
remains controversial; however, an association between exo-
somes and amyloid plaque formation in vivo has been reported.
Exosomes were found to stimulate the aggregation of A�(1– 42)
by isolating exosomes from brain tissue of the 5�FAD mouse
model of AD (79). Inhibition of exosome formation in this
model using GW4869, an inhibitor of neutral sphingomyeli-
nase, resulted in the reduction of amyloid plaques in the brain.
Although these data provide evidence for exosomal transmis-
sion of A� in vivo, it should be noted that the 5�FAD mouse
model better represents familial AD with the highly rapid pro-

duction and accumulation of A�(1– 42) (due to the additive
effects of mutations in both APP and presenilin 1 (PS1)) in
contrast to that observed in sporadic AD.

Tau

Separate from amyloid formation in AD, neurofibrillary tan-
gles (NFTs), which are composed of abnormally phosphorylat-
ed tau protein, are correlated with progressive cognitive dys-
function and neuronal loss in AD. Importantly, tau and A� have
been shown to function synergistically in AD pathology, with
A� having been shown to promote NFTs (80), and tau having
been found to promote A� toxicity at the synapse (81). A grow-
ing body of evidence now suggests that pathological tau protein
can spread between cells, resulting in the recruitment of native
tau into aggregates important in the development of AD.

Extracellular Release of Tau

Tau is a cytoplasmic protein known to function in the stabi-
lization of microtubules. Extracellular tau was first discovered
in CSF using an ELISA-based approach, revealing an increased
level of the protein in AD patients when compared with con-
trols (82). Subsequent inoculation of brain extracts containing
aggregated tau or injection of preformed fibrillary tau protein
into tau transgenic mice can cause AD-like NFT pathology in
the brain (83– 86). Unlike A� models of disease, tau pathology
can be seeded by exogenous tau aggregates in non-transgenic
(wild-type) mice (87). It should also be noted that tau pathology
in animal models is also observed over a shorter time scale
when compared with models for the transmission of A� or
�-synuclein, suggesting that tau aggregation in vivo is kineti-
cally favorable.

Nearly 20 years after the discovery of extracellular tau, the
protein was found to be trafficked in exosomes (88). However,
this finding was not supported by others who argued that extra-
cellular tau was not found in exosomes (89). Other mechanisms
involving tunneling nanotubes have also been suggested to be
involved in the transmission of tau between cells (90). Recent
discoveries, however, have now clearly implicated exosomes in
tau pathology. Significantly, exosomal tau from microglia has
been identified in the propagation of tau pathology in the brain
(91). Both the depletion of microglia and the inhibition of exo-
some biogenesis using the small molecule GW4869 were shown
to limit the propagation of tau in the brain. The authors suggest
that microglia can phagocytose tau-containing cytopathic neu-
rons and subsequently release tau in exosomes to transmit
pathology; however, it is also possible that exosomal tau
released from neurons could also be internalized by microglia
before further exosomal transmission. This surprising method
for the transmission of disease pathology through sequential
cell processing of exosomes has also been described in cancer
cell transmission (92).

Further evidence for a function of exosomes in tau propaga-
tion was recently discovered in a study in which exosomes from
tau transgenic mice were found to propagate tau aggregation in
a threshold-dependent manner (93). Interestingly, although tau
was found to be phosphorylated in exosomes, it was not
thought important for pathology at the known sites (AT8,
AT100, and AT180). Taken together, there is now substantial
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evidence for the extracellular transport of tau in exosomes that
can propagate tau aggregation in the brain.

ALS and Huntington’s Disease

ALS is a neurodegenerative disorder of the motor neurons in
the brain, brainstem, and spinal cord. Although the majority of
ALS cases arise sporadically, mutations in a number of genes
are associated with familial forms of disease. Superoxide dismu-
tase 1 (SOD1) and TDP-43 are two such proteins mutated in
these inherited forms of ALS, and both of these have exhibited
template-directed induction of pathological misfolding of these
proteins. Furthermore, both of these proteins have been found
associated with exosomes, suggesting a potential role of EVs in
the intercellular transfer of misfolded SOD1 and TDP43 (94,
95). It has also been demonstrated that huntingtin, the patho-
genic protein that misfolds in Huntington’s disease, can also
exhibit prion-like mechanisms of misfolding. In a Drosophila
model, it was shown that glia can phagocytose huntingtin
aggregates, which can then induce the misfolding of mono-
meric forms of this protein (96).

Conclusion

After 30 years of research, it is now clear that exosomes pro-
vide a physiological platform for the transmission of informa-
tion between cells. In the brain, exosomes can propagate the
proliferation of misfolded proteins, a concept that evolved
in the prion field, which now can potentially explain the
pathogenesis of many neurodegenerative diseases. Given the
extended time course of many neurodegenerative diseases,
some of which take decades to develop, it is not surprising that
prion diseases, which show a rapid onset of pathology, have
provided researchers with a model to study the aggregation of
transmissible proteins. It remains to be seen, however, whether
current research, which uses transgenic animal models and
large amounts of inoculated protein aggregates to speed up dis-
ease processes, accurately replicates the mechanisms observed
in human disease. To this end, the role of exosomes outside of
prion disease transmission has still not been proven conclu-
sively in vivo for either PD or AD.

Although there appear to be a number of pathways that
increase the transmission of protein pathology in exosomes,
none provide a direct mechanism for the loading of aggrega-
tion-prone proteins into exosomes. Future research should
identify whether there is an active transport pathway for these
proteins, or whether they are simply a byproduct of disrupted
cellular pathways in the aging brain. It is conceivable that there
is a tipping point in the MVB pathway in which, under normal
homeostasis, intraluminal vesicles are directed down the lyso-
somal pathway for the destruction of unwanted proteins; how-
ever, in disease states, this pathway is impaired, leading to a
change in balance with a resulting increase in the flux of intralu-
minal vesicles through the exosomal pathway. This switch
would maintain the removal of unwanted protein products
from the cell, but could also result in the propagation of aggre-
gation and the transmission of disease through exosome
sequestration in recipient cells.

It should also be noted that exosome-independent pathways
for the release of neurodegenerative proteins have also been

reported. These include the non-vesicular release of A� and
�-synuclein. Tunneling nanotubes, thin membranous channels
formed between cells, have been shown to transfer tau, mutant
huntingtin, PrPSc, and �-synuclein between cells (24, 90, 97,
98). These forms of protein transfer may also play a role in the
neurodegenerative disease process.

An important aspect of the role of exosomes in neurodegen-
erative disease is the environment they can provide for the
aggregation of proteins; in particular, it appears that the gangli-
oside content in exosomes potentiates the propensity for pro-
teins to form �-sheet structures that can self-associate to form
an initial nucleation site for aggregation. Several outstanding
questions arise from the role that exosomes play in the patho-
genesis of neurodegenerative diseases (Table 1). Identification
of how neurodegenerative proteins are packaged into exo-
somes, the role of lipids in misfolding, and how exosomes are
taken up by recipient cells will provide insights into how these
crippling diseases may be therapeutically targeted in the future.
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