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Signaling Role of Cdc42 in
Regulating Mammalian
Physiology*
Published, JBC Papers in Press, November 29, 2010, DOI 10.1074/jbc.R110.200329

Jaime Melendez1, Matthew Grogg1, and Yi Zheng2

From the Division of Experimental Hematology and Cancer Biology,
Children’s Hospital Research Foundation, University of Cincinnati,
Cincinnati, Ohio 45229

Cdc42 is a member of the Rho GTPase family of intracellu-
lar molecular switches regulating multiple signaling pathways
involved in actomyosin organization and cell proliferation.
Knowledge of its signaling function in mammalian cells came
mostly from studies using the dominant-negative or constitu-
tively active mutant overexpression approach in the past 2 de-
cades. Such an approach imposes a number of experimental
limitations related to specificity, dosage, and/or clonal varia-
bility. Recent studies by conditional gene targeting of cdc42 in
mice have revealed its tissue- and cell type-specific role and
provide definitive information of the physiological signaling
functions of Cdc42 in vivo.

Rho family GTPases belong to the Ras GTPase superfamily
and act as binary molecular switches that are turned on in the
GTP-bound state and turned off in the GDP-bound state in
response to a variety of stimuli, including soluble factors such
as growth factors and cytokines and cell-cell or integrin-extra-
cellular matrix interactions (Fig. 1) (1, 2). They are well recog-
nized signal mediators of a wide variety of pathways in eu-
karyotic cells (3–5). As a member of the Rho GTPase family,
the cell division cycle protein Cdc42 was first discovered as an
essential gene product in Saccharomyces cerevisiae involved in
actin cytoskeletal architecture (6), and its human homolog
was shown to be highly conserved, suggesting that Cdc42 may
play fundamental roles in mammalian cell biology. Subse-
quent genetic studies in yeast discovered a crucial function for
Cdc42 in the establishment of cell polarity, particularly as it
pertains to the assembly of bud emergence in yeast (7, 8). In
Caenorhabditis elegans, depletion of Cdc42 results in polarity
defects and mislocalization of Par (partitioning-defective)
polarity proteins (PAR6, PAR3, and PAR2) (9, 10), indicating
that Cdc42 is required for both establishing and maintaining
cell polarity in the early embryo. Furthermore, expression of
dominant-negative and constitutively active mutants of
Cdc42 in Drosophila has also provided important insights into
its involvement in polarity establishment and morphogenesis
(11, 12).

Early studies carried out in various mammalian cell lines by
overexpressing dominant-negative and/or constitutively ac-
tive mutants have shown that Cdc42 can have an important
role in cytoskeleton organization, transcription, cell cycle pro-
gression, vesicle trafficking, survival, and other cell functions
(Fig. 1) (1, 8, 13). Lagging behind the genetic studies in lower
eukaryotes, genetic information of Cdc42 in mammalian sys-
tems was limited until recently in part due to an early embry-
onic lethality phenotype upon cdc42 gene deletion in mouse
embryos. In this minireview, we discuss recent mouse genetic
studies of Cdc42 utilizing conditional tissue-specific targeting
strategies in cells, including heart, pancreas, nervous system,
blood, bone, eye, immune system, and skin. These physiologi-
cal characterizations of the tissue- and cell type-specific sig-
naling function of Cdc42 revitalize an “old” field of cell
signaling.

Signaling Function of Mammalian Cdc42 in Vitro

Extensive biochemical studies have been carried out in pur-
suing the role of Cdc42 in diverse cell responses and signaling
pathways. The use of dominant-negative or constitutively ac-
tive mutants of Cdc42 generated by single amino acid substi-
tutions has been especially helpful in assigning its potential
involvement in multiple signaling cascades in cell regulation
(14–16). These have been extensively elaborated by several
excellent reviews (17–21) and will not be the focus of this dis-
cussion. For example, Cdc42 has been implicated as a key reg-
ulator of actin filopodial induction and migration through the
use of T17N dominant-negative mutant overexpression in
fibroblasts and several other cell types. This cell function was
also demonstrated in Cdc42�/� primary mouse embryonic
fibroblasts (22). Cells expressing the T17N mutant or loss of
cdc42 were defective in adhesion, wound healing, polarity
establishment, and migration, and these cell phenotypes are
associated with deficiencies in PAK1 (p21-activated kinase 1),
GSK-3� (glycogen synthase kinase-3�), myosin light chain
(MLC),3 and focal adhesion kinase phosphorylation. Another
well recognized cell function of Cdc42 involves the interac-
tion between Cdc42-GTP and the Par6-Par3-atypical PKC
(aPKC) complex important for the establishment of epithelial
polarity during directed cell migration and morphogenesis
(23–25). The establishment of apical-basal polarity within a
single cell and throughout growing tissue is a key feature of
epithelial morphogenesis. Depletion of Cdc42 does not pre-
vent the establishment of apical-basal polarity in individual
cells but disrupts spindle orientation during cell division (26).
Although the conventional cell biological approach has led

to proposals of many functions of Cdc42, it does have limita-

* This work was supported, in whole or in part, by National Institutes of
Health Grants R01 CA150547, R01 HL085362, and P30 DK090971. This
minireview will be reprinted in the 2011 Minireview Compendium, which
will be available in January, 2012.

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed. E-mail: yi.zheng@cchmc.

org.

3 The abbreviations used are: MLC, myosin light chain; aPKC, atypical PKC;
GEF, guanine nucleotide exchange factor; GDI, guanine nucleotide disso-
ciation inhibitor; GAP, GTPase-activating protein; HSPC, hematopoietic
stem/progenitor cell; HSC, hematopoietic stem cell; DC, dendritic cell;
M-CSF, macrophage colony-stimulating factor; CMP, common myeloid
progenitor; GMP, granulocyte/monocyte progenitor; MEP, megakaryo-
cyte/erythroid progenitor.
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tions given the signaling cross-talk between different Rho GT-
Pases and the potential nonspecific nature of the mutants.
The dominant-negative mutant of Cdc42 works by sequester-
ing the upstream Rho guanine nucleotide exchange factors
(GEFs), but there are more than 70 GEFs in the mammalian
genome, many of which are known to regulate multiple Rho
GTPases (17, 27). Thus, overexpression of a dominant-nega-
tive mutant can block endogenous Cdc42 activity while im-
pacting on multiple GEF functions and affecting the activities
of multiple Rho GTPases (28, 29). Conversely, the constitu-
tively active Cdc42 mutant can activate a number of shared
effectors with Rac or other GTPases (e.g. the Cdc42/Rac-in-
teractive binding domain-containing molecules and IQGAPs)
and may not allow a dynamic activation/dissociation of the
downstream effectors to execute their normal functions.
Another potential experimental limitation of conventional
studies is the wide usage of clonal cell lines. One study in
clonal fibroblastoid cells generated by differentiation and
immortalization of Cdc42-null embryonic stem cells found
normal formation of filopodia and normal cell migration,
cell cycle progression, and apoptosis (30), whereas another
study using early passage Cdc42�/� primary mouse embry-
onic fibroblasts found Cdc42 to be essential for filopodial
induction, directional migration, and proliferation. These
studies suggest that it is possible that immortalization
and/or clonal variability may impact on cell phenotypes, as
Cdc42-related Rho GTPases such as Rac1, Wrch-2, and
TC10 could play a redundant role required for similar
functions (22). Therefore, although conventional cell bio-
logical studies have provided an excellent framework of
possible functions and signaling pathways regulated by
Cdc42, how each signaling function suggested by such
studies would manifest in specific tissue cell types needs to
be verified or repudiated to put the suggested biochemical
mechanisms in a proper physiological context.

Signaling Functions of Mammalian Cdc42 in Vivo

Given the above considerations of the conventional bio-
chemical and cell biological approaches, tissue-specific mouse
gene targeting clearly represents an improved strategy in de-
termining the functions of Cdc42 in vivo. Recent studies em-
ploying the Cre/loxP mouse conditional knock-out methodol-
ogy have revealed a number of physiologically relevant,
sometimes unexpected, functions of Cdc42 in a tissue/organ-
specific manner (Table 1).
Cardiovascular Regulation—Cardiac organogenesis is char-

acterized by a precise temporal and region-specific regulation
of cell proliferation, migration, death, and differentiation that
is related to Rho GTPase-mediated signaling (31, 32). Inhibi-
tion of Rho GTPase activities through expression of Rho gua-
nine nucleotide dissociation inhibitor (GDI)-� resulted in
lethality around embryonic day 10.5 (33) associated with car-
diac abnormalities such as an incomplete cardiac looping and
lack of chamber maturation, trabeculation, and hypocellular-
ity. Further examination revealed a significant up-regulation
of p21Cip, a cyclin-dependent kinase inhibitor, and down-reg-
ulation of cyclin A. Overexpression of constitutively active
Rac1 in the heart caused an early cardiac hypertrophy or di-
lated cardiac failure (34), whereas cardiac-specific deletion of
Rac1 reduced cardiac growth (35). Interestingly, cardiac ex-
pression of an active RhoA mutant is associated with atrial
enlargement, alterations in the cardiac conduction system,
and ventricular dilation as opposed to ventricular hypertro-
phy (36).
It was recently demonstrated that Cdc42 acts as an antihy-

pertrophic mediator in mouse heart (37). Heart-specific dele-
tion of Cdc42 enhanced the cardiac growth response to both
pathological and physiological stimuli and resulted in an in-
ability to activate JNK signaling. Interestingly, an increase in
JNK signaling was also seen in Cdc42 GTPase-activating pro-
tein (GAP) knock-out mice (22, 38). Restoration of JNK sig-
naling in the heart reversed the enhanced growth effect (37).
The involvement of Cdc42 in cardiac hypertrophy was also
inferred from studies of microRNAs. Decreased expression of
microRNA-133, which targets both Cdc42 and RhoA, was
observed in both mouse and human models of cardiac hyper-
trophy (39).
Pancreatic Development—Many organs such as lung, kid-

ney, pancreas, salivary gland, and mammary gland consist of
epithelial tubes (40). Tubulogenesis involves a series of dy-
namic and interdependent cellular processes, including cy-
toskeletal reorganization, assembly of intercellular complexes,
and cell polarization. The molecular mechanisms that inte-
grate cell polarity with tissue architecture during epithelial
morphogenesis remain poorly defined. In a three-dimensional
organotypic culture of Madin-Darby canine kidney and
Caco-2 cells, it was demonstrated that the phosphatase PTEN
and phosphatidylinositol 4,5-bisphosphate regulate Cdc42
and an effector kinase, aPKC, to generate the apical plasma
membrane domain and maintain apical-basal polarity (41).
Cdc42 knockdown experiments show that Cdc42 regulates
epithelial tissue morphogenesis by controlling the spindle
orientation during cell division rather than affecting the es-
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Cdc42 Cdc42

GEF

GAP GTP

GDPGTP
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Effectors
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FIGURE 1. Conventional view of the signaling function and regulation of
Cdc42. Cdc42 cycles between the GDP-bound inactive state and the GTP-
bound active state. The GTP binding and GTP hydrolysis cycle is tightly reg-
ulated at specific intracellular locations by GEFs, GAPs, and GDIs. Upon acti-
vation by various stimuli, activated Cdc42 can transiently interact with
multiple effector proteins to transduce signals that impact on cell functions,
including cytoskeleton organization, vesicle trafficking, cell cycle progres-
sion, survival, translation, and transcription.
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tablishment of apical-basal polarity in individual cells (26). A
recent mouse model study of pancreatic progenitors showed
that tube formation starts at embryonic day 11.5 by the initia-
tion of scattered microlumens throughout the epithelium
(42). These microlumens then expand through the spreading
of cell polarization, followed by fusion of lumens and their
rearrangement into an interconnected tubular system. In this
context, inducible deletion of Cdc42 during pancreatic devel-
opment revealed that Cdc42 is required for multicellular api-
cal polarization of Par3 and aPKC and is responsible for mi-
crolumen formation during the early stages of pancreatic
development (Fig. 2A). Loss of tube formation as a conse-
quence of Cdc42 ablation causes a failure to organize pancre-

atic epithelial progenitors into tubes and subsequently results
in an up-regulation of acinar cell differentiation at the ex-
pense of duct and endocrine cell differentiation. Significantly,
the effect of Cdc42 appears to be mediated by the extracellu-
lar matrix and the resulting microenvironment, which in turn
determines cell fate. Thus, Cdc42 is critical in initiating the
formation of the apical lumens that ultimately combine to
form tubules and thus connects cell polarization with differ-
entiation during pancreatic development.
Nervous System Regulation—Earlier biochemical studies in

neuronal cells have shown that Cdc42, along with Rac1, is a
positive regulator, whereas RhoA functions as a negative reg-
ulator in neurite initiation, axon growth and branching, and

TABLE 1
Summary of tissue-specific gene targeting studies of Cdc42 signaling function in mice
SC, Schwann cell.

Gene-targeting driver Phenotypes and pathways

Heart
Cardiac-specific �-MHC-Cre Heart-specific deletion of Cdc42 enhances cardiac growth response and renders JNK1/2 inactive along with an increase

in NFAT activity (37).
Nervous system
Emx1-Cre, hGFAP-Cre Loss of Cdc42 in neural progenitors results in apical-basal polarity defects mediated through altered location of the Par

complex and lost adherens junctions (47).
Foxg1-Cre Loss of Cdc42 in mouse telencephalon leads to Shh-independent holoprosencephaly associated with a loss of neural

epithelium polarity (48).
Wnt-1-Cre Ablation of Cdc42 in neural crest stem cells shows defects in maintenance, migration, and differentiation of these cells

through attenuated EGF signaling (49).
Nestin-Cre Loss of Cdc42 in neural progenitors causes defects in formation of axon tracts along with an increased inactivation of

cofilin (50).
Dhh-Cre Loss of Cdc42 in SCs alters axon sorting through impaired proliferation and delayed differentiation of SCs. Cdc42 is

downstream of and activated by NRG1, a known SC mitogen (54).
Liver
Alb-Cre Loss of Cdc42 in liver results in hepatomegaly, chronic jaundice, enlarged canaliculi, and hepatocellular carcinoma.

E-cadherin expression and gap junctions are distorted (85).
Alb-Cre Loss of Cdc42 followed by partial hepatectomy in liver results in delayed recovery with reduced and delayed DNA

synthesis associated with dampened JNK and p70S6K signaling (86).
Pancreas
Pdx1-Cre Ablation of Cdc42 in pancreatic progenitors leads to loss of tube formation and up-regulation of acinar cell

differentiation associated with polarity defects, including altered Par3 and aPKC localization (42).
Eye
LE-Cre Lens epithelium-specific deletion of Cdc42 leads to decreased filopodia and lens pit invagination through its effector

IRSp53 during development (76).
Skin
K5-Cre Keratinocyte-specific Cdc42 deletion showed impaired hair formation and reduced growth of all hair. Increased

degradation of �-catenin following decreased GSK-3� and increased axin phosphorylation is seen, which is
dependent on PKC� (77). Loss of Cdc42 in keratinocytes leads to aberrant deposition of basement membrane in
keratinocytes and loss of polarization with impaired processing of laminin-5 (78).

Blood
Mx1-Cre HSPC deletion of Cdc42 leads to cell cycle re-entry and hyperproliferation of blood progenitors. It also causes impaired

adhesion, homing, migration, and retention that lead to an engraftment failure. Deregulation of c-Myc, p21Cip1,
�1-integrin, and N-cadherin expression in HSCs is evident (56).

Mx1-Cre Blood stem/progenitor deletion of Cdc42 results in an increase in early myeloid progenitors and fatal
myeloproliferative disorder. Up-regulation of promyeloid genes such as PU.1, C/EBP1�, and Gfi-1 in CMPs and
GMPs and down-regulation of the proerythroid gene GATA-2 in MEPs are evident (5, 55).

PF4-Cre Platelet-specific deletion of Cdc42 leads to mild thrombocytopenia and an increase in platelet size. Additionally,
Cdc42-deficient platelets have a shorter life span and deficiencies in platelet activation and granule organization,
notably through GPIb signaling (87).

Immune system
CD19-Cre Cdc42 deletion at the pro-B/pre-B cell stage leads to impaired B cell development and decreased proliferation and

survival. Defects in B cell receptor signaling are attributed to increased ERK and decreased Akt activation (62).
Mx1-Cre Cdc42 deletion in blood stem/progenitor cells leads to impaired leading edge coordination and decreased in vivo

motility in dendritic cells, in part through global change of the shape of the actin cytoskeleton (65).
Mx1-Cre Bone marrow deletion of Cdc42 leads to decreased polarity, directionality, and maintenance of the single leading edge

in neutrophils. Contractile signals at the uropod are affected through altered CD11b distribution and
phosphorylation of MLC (68).

Lck-Cre T cell-specific deletion of Cdc42 leads to dramatic loss of naive T cells. Cdc42 loss results in an increase in Gfi-1 and
repressed expression of IL-7 receptor-�. Additionally, it causes an increase in T cell receptor-mediated ERK1/2
activity and T cell proliferation (61).

Bone
Ctsk-Cre Osteoclast-specific deletion of Cdc42 leads to osteopetrosis and reduced bone resorption. M-CSF-stimulated cyclin D

expression and phosphorylation of Rb, as well as RANKL-induced osteoclastogenic signals, are altered (84).
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spine formation (43–45). In particular, Cdc42 plays a key role
in oligodendrocyte differentiation and in neuronal polarity/
axon outgrowth and neuronal migration (44, 46). Recent
mouse gene targeting studies have demonstrated that Cdc42
participates in the establishment of apical-basal polarity of
neural epithelial progenitors (47). Deletion of Cdc42 in mouse
telencephalon resulted in a detachment of neural progenitors
from the apical/ventricular surface, and this was associated
with mislocalization of Par6, aPKC, �-catenin, F-actin, and
Numb, the polarity-based components (Fig. 2B). Interestingly,
the global loss of apical-basal polarity of the neural progeni-
tors can lead to Shh (Sonic Hedgehog)-independent holo-
prosencephaly, a phenotype of failed bifurcation of the left
versus right brain hemisphere (48). Ablation of either Cdc42
or Rac1 in neural crest stem cells shows they are not required
for the maintenance, migration, and differentiation of these
cells in the early phase of neural crest development; however,
Cdc42 is essential for proliferative control during later phases
of development when neural crest stem cells acquire respon-
siveness to mitotic signals (49). Conditional ablation of Cdc42
in mature brain through the use of several promoters to drive
Cre recombinase expression resulted in multiple abnormali-
ties, including striking defects in the formation of axon tracts
(50). Neurons from Cdc42-null animals showed disrupted
cytoskeletal organization, enlargement of growth cones, and
inhibition of filopodial dynamics, along with increased inacti-
vation of the Cdc42 effector cofilin. These results suggest that
Cdc42 is a key regulator of axon specification (Fig. 2B).
Accumulating evidence indicates that Cdc42 transduces

signals to the cytoskeleton at least in part through the Wis-
kott-Aldrich syndrome family of scaffolding proteins (51).
N-WASP regulates the formation of dendritic spines and syn-
apses in hippocampal neurons (52). Knockdown of endoge-
nous N-WASP expression by RNA interference or inhibition
of its activity by treatment with a specific inhibitor, wiskosta-
tin, causes a significant decrease in the number of spines and

excitatory synapses, a phenotype similar to observed when
Cdc42 is down-regulated (Fig. 2B) (52).
In the CNS and peripheral nerves, the formation of myelin

sheaths is the result of a complex series of events involving
oligodendrocyte or Schwann cell progenitor proliferation,
directed migration, and the morphological changes associated
with axon ensheathment and myelination. Interestingly, abla-
tion of Cdc42 in Schwann cells showed that, although it is
required, along with Rac1, for Schwann cell proliferation and
the correct formation of myelin sheaths (53), it appears that
Rac1, not Cdc42, critically regulates Schwann cell process
extension and stability, thereby allowing efficient radial sort-
ing of axon bundles (54).
Blood Development—The role of Rho GTPases, including

Cdc42, in blood development has been extensively studied by
the mouse gene targeting approach (20, 21, 55). Genetic dele-
tion of Cdc42GAP, a negative regulator of Cdc42, resulted in
multiple phenotypes in blood development (5). The gain-of-
Cdc42 activity mice were anemic, and their blood stem/pro-
genitor cells displayed impaired cortical F-actin assembly,
decreased migration and adhesion, defective engraftment, and
elevated JNK-driven apoptosis (5). Conversely, conditional
knock-out of Cdc42 from bone marrow resulted in a loss of
hematopoietic stem/progenitor cell (HSPC) quiescence and
massive HSPC egress from bone marrow to the periphery,
phenotypes attributable to deregulated �1-integrin, p21Cip,
c-Myc, N-cadherin, and possibly other hematopoietic stem
cell (HSC) intrinsic factors (56). Interestingly, Cdc42�/�

HSPCs displayed impaired F-actin assembly, adhesion, hom-
ing, and migration in bone marrow, similar to the results ob-
tained with the Cdc42 gain-of-activity mice, suggesting that
non-physiological levels of Cdc42 activity, either higher or
lower, may cause similar cellular defects.
Aside from HSPC maintenance, Cdc42 plays a pivotal role

in multilineage blood development. Loss of Cdc42 in bone
marrow causes both myeloid and erythroid defects, i.e. an
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increase in early myeloid progenitors that leads to a fatal my-
eloproliferative disorder and an anemia caused by a block in
the early stages of erythropoiesis (57). The cause of the imbal-
ance between myelopoiesis and erythropoiesis in Cdc42�/�

HSPCs is intimately associated with changes in the transcrip-
tional program. Promyeloid genes, including PU.1, C/EBP1�,
and Gfi-1, were up-regulated in progenitor populations (com-
mon myeloid progenitor (CMP), granulocyte/monocyte pro-
genitor (GMP), and megakaryocyte/erythroid progenitor
(MEP), whereas the proerythroid transcription factor
GATA-2 was down-regulated in short-term repopulating
HSPC, CMP, and MEP populations (5, 55). In comparison, the
Cdc42GAP�/� gain-of-activity mice showed a reduction in
cellularity of both fetal liver and bone marrow, number and
composition of HSPCs, and erythroid blast-forming unit
and colony-forming unit activities (5). Therefore, a physiolog-
ical level of Cdc42 activity is critically involved in the delicate
balance of blood stem/progenitor cell differentiation into my-
eloid versus erythroid lineages.
Immune System Regulation—As in other systems, Cdc42

was first examined for its role in immunity using dominant-
negative and constitutively active mutants (55, 58). Expression
of an active Cdc42 mutant in Jurkat T lymphocytes led to in-
creased apoptosis through increased activity of JNK (59).
Mice transgenically expressing an active Cdc42 mutant exhib-
ited increased peripheral T cell and thymocyte apoptosis (60).
Gene targeting studies revealed recently that, through its ef-
fector PAK1 signaling axis, Cdc42 is involved in regulating
mature T cell homeostasis by coordinating IL-7 receptor-me-
diated survival and T cell receptor-mediated proliferation
signals (Fig. 2C) (61). Interestingly, contrary to the conven-
tional view of Cdc42 function, loss of Cdc42 resulted in a hy-
perproliferative phenotype in naive T cells through elevated
ERK signaling. In contrast, deletion of cdc42 in HSPCs did not
affect common lymphoid progenitor development; however,
deletion of cdc42 in the pro-B/pre-B cell stage resulted in
blockage of B cell development at both T1 and later stages
(62), implicating Cdc42 in B cell precursor differentiation.
Cdc42-deficient B cells exhibited impaired proliferation and
survival, effects associated with a defect in B cell receptor sig-
naling through ERK and Akt, and BAFF receptor presenta-
tion. Distinct from that of T cell or hematopoietic progenitor
cells, Cdc42 appeared to be dispensable for SDF-1�- or BLC-
induced B cell migration.
In dendritic cells (DCs), Cdc42 is increasingly expressed

during development from HSCs, remains highly active in im-
mature DCs, and can be further up-regulated by maturation
stimuli (63). Developmental control of endocytosis in DCs
also seems to be regulated through Cdc42 (64). The migratory
activity of DCs is controlled by Cdc42 because Cdc42�/� DCs
had impaired leading edge coordination and ultimately
showed a loss of in vivomotility (65). In addition, Cdc42 con-
trols the transport of essential immunostimulatory molecules
to the DC surface (63). In neutrophils, Cdc42 has been recog-
nized as a critical regulator of neutrophil polarity and may
coordinate other Rho GTPases, RhoA and Rac1/2 in particu-
lar, in establishing the trailing and leading edges of migrating
cells (66–68). In a gain-of-Cdc42 activity mouse model,

Cdc42 was found to be required for neutrophil movement and
directionality through distinct MAPK pathways (67). On the
other hand, Cdc42 knock-out caused a loss of polarity medi-
ated through the CD11b integrin-RhoA-Rho kinase-phosphor-
ylatedMLC signaling cascade (68). These studies reinforce the
importance of a balanced Cdc42 activity in themaintenance of
polarity in innate immune cell responses and clarify the signaling
pathways involved.
Eye Development—Like many organs, the development of

the eye involves complex processes, including the invagina-
tion and folding of layers of cells. These dramatic changes are
known to involve cell polarization, as well as actin and micro-
tubule dynamics. Expression of Cdc42 has been characterized
in several model systems of eye development (69–71). In Dro-
sophila, Cdc42 is thought to regulate photoreceptor morpho-
genesis through its downstream effector Mbt, a PAK homolog
(72). Mbt mutants showed a decrease in neurons in the brain
and eye through a loss of adherens junction localization and
kinase activity in photoreceptor cells, both of which are de-
pendent on Cdc42. Loss-of-function mutations in Drosophila
cdc42 resulted in failure of epithelial cells to elongate, leading
to defects in ommatidial units and photoreceptor differentia-
tion (73). Additionally, activation of Cdc42 through the ex-
pression of a constitutively active mutant induced ectopic
antennae, whereas a dominant-negative mutant caused a
small eye phenotype (74). In mice, lens-specific overexpres-
sion of RhoGDI disrupted membrane translocation of Cdc42,
as well as Rac1 and RhoA, resulting in defects in lens fiber
migration, elongation, and organization (75). Targeted dele-
tion of Cdc42 in the lens epithelia caused a loss of filopodia in
these cells and resulted in a reduction of lens pit invagination
during development, and this effect was mediated through the
effector IRSp53 (76). Close inspection revealed that the exten-
sions seen between the base of the lens and presumptive ret-
ina are filopodia coming from the presumptive lens, putting
to rest conflicting earlier views. Furthermore, these filopodia
are essential in tethering the two epithelial layers of the lens
and retina to precisely coordinate this morphogenetic event.
Skin Development and Maintenance—Several studies in the

last few years have addressed the function of Cdc42 in differ-
entiation during skin development. A keratinocyte-specific
cdc42 deletion in mice did not cause observable defects at
birth but displayed impaired hair formation and growth at 2
weeks of age (77). Within 4 weeks, the mutant mice had lost
all hair. Examination of the hair follicles from these mice re-
vealed dramatic changes, i.e. the loss of Cdc42 skewed epithe-
lial progenitor cells in the hair follicles from a hair follicle ke-
ratinocyte fate to an epidermal keratinocyte fate, and the
mechanism appeared to hinge on a Cdc42-dependent regula-
tion of �-catenin. Deletion of Cdc42 in keratinocytes led to
aberrant deposition of basement membrane components and
impaired processing of laminin-5 in segments of the dermal-
epidermal junction (78), suggesting that Cdc42 is required for
the maintenance of the basement membrane. The Cdc42 ef-
fector N-WASP has recently been implicated in several skin
processes (79). Conditional knock-out of N-Wasp from epi-
dermal keratinocytes and other squamous epithelia resulted
in severe alopecia, epidermal hyperproliferation, and facial

MINIREVIEW: Signaling Role of Cdc42

JANUARY 28, 2011 • VOLUME 286 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2379



ulcerations, as well as abnormal proliferation and ultimate
depletion of skin progenitors over time (79). Importantly, a
direct link between N-WASP and Wnt signaling was found,
confirming a Cdc42-N-WASP-�-catenin signaling cascade.
The N-WASP deficiency resulted in decreased GSK-3� phos-
phorylation, reduced nuclear �-catenin, and decreased Wnt-
dependent transcription in follicular keratinocytes, implicat-
ing N-WASP as a positive regulator of �-catenin-dependent
transcription.
Bone Modeling Regulation—Osteoclast activation requires

cytoskeletal reorganization that may involve Cdc42. Earlier
studies using inhibitors and mutant expression in vitro
yielded conflicting results regarding the role of Rho GTPases
(80, 81). Additional studies suggested roles for the Cdc42 ef-
fector WASP-Arp2/3 in actin ring formation and bone re-
sorption (82, 83). A recent comprehensive examination of the
role of Cdc42 in osteoclast regulation in mouse models was
able to convincingly implicate Cdc42 in the RANKL-mediated
bone resorption process (84). Loss of Cdc42 resulted in osteo-
petrosis and resistance to ovariectomy-induced bone loss,
whereas animals with constitutively elevated Cdc42 activity
were osteoporotic. Cdc42-deficient osteoclasts had reduced
bone resorption, whereas osteoclasts with elevated Cdc42
activity showed increased resorption. In this process, Cdc42
was shown to regulate macrophage colony-stimulating factor
(M-CSF)-stimulated cyclin D expression and phosphorylation
of Rb, leading to osteoclast proliferation and induction of Bim
and caspase-3, which are involved in osteoclast apoptosis (Fig.
2D). Moreover, Cdc42 was found to be essential for M-CSF-
and RANKL-induced osteoclastogenic signals, including
MITF and NFATc1, and to be a component of the Par3-Par6-
aPKC polarization complex (84). These combined genetic and
biochemical studies demonstrate that Cdc42 regulates oste-
oclast formation and function and may be a useful target for
bone loss prevention.

Conclusions and Perspectives

Decade-old biochemical studies of the signaling function of
Cdc42, along with other Rho GTPases, have provided a wealth
of its possible roles in cell regulation. It is evident that Cdc42
has integral functions in many cell systems and achieves this
by mediating signaling through multiple pathways (67, 77).
Recent mouse gene targeting studies in diverse tissue/organ
cell types have provided powerful genetic evidence for physio-
logical roles of Cdc42 that, in some circumstances, contra-
dicts conventional wisdom derived from previous in vitro
studies. It is clear that the function and signaling pathways
regulated by Cdc42 are tissue- and cell type-specific, and the
general principles of Cdc42 function defined by in vitrometh-
ods or from one tissue cell type may or may not apply to an-
other cell type in in vivo situations (Table 1). One unifying
theme from these studies appears to be that Cdc42 is critically
involved in actin-based morphogenesis of diverse cell types,
and it serves as a central regulator of cell polarity, the pheno-
type of which is manifested in unique physiologies of distinct
tissues. Such an expansion of our knowledge of the physiolog-
ical function of Cdc42 will undoubtedly accelerate translation
to future therapy in areas including immunosuppression,

stem cell mobilization, anti-inflammation, and anticancer
metastasis.
It is important to note that the gene targeting approach has

its inherent limitations such that other related Rho GTPase
pathways may insert a compensatory effect upon Cdc42 loss,
and the complete abrogation of Cdc42 does not truly reflect
certain functional outputs resulting from relatively subtle
changes of Cdc42 activity under normal or pathological chal-
lenges. To this end, RNA interference technology provides a
complementary method, especially when examining the role
of overexpressed or elevated activity of Cdc42 in diseases such
as cancer. Future mouse genetic studies by knock-in or induc-
ible systems of Cdc42 mutants under Cdc42 native promoter
control, combined with specific effector knock-out studies,
will be useful to attribute specific downstream pathways regu-
lated by Cdc42 causally to its multifaceted functions in de-
fined cell types. To further apply the mouse studies to benefit
human pathophysiology conditions will be an aspiring goal of
the field that is poised to see potential translations of the
knowledge gained.
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Glucocorticoids regulate numerous physiological processes
and are mainstays in the treatment of inflammation, autoim-
mune disease, and cancer. The traditional view that glucocor-
ticoids act through a single glucocorticoid receptor (GR) pro-
tein has changed in recent years with the discovery of a large
cohort of receptor subtypes arising from alternative processing
of the GR gene. These isoforms differ in their expression, gene
regulatory, and functional profiles. Post-translational modifi-
cation of these proteins further expands GR diversity. Here, we
discuss the origin and molecular properties of the GR isoforms
and their contribution to the sensitivity and specificity of the
glucocorticoid response.

Glucocorticoids are primary stress hormones that function
to maintain homeostasis. They are synthesized and released
by the adrenal cortex following stress-induced activation of
the hypothalamic-pituitary-adrenal axis and affect nearly ev-
ery organ and tissue in the body. Named for their effects on
glucose metabolism, glucocorticoids regulate a plethora of
biological processes, including immune function, skeletal
growth, reproduction, cognition, behavior, and cell prolifera-
tion and survival (1, 2). Because of their powerful anti-inflam-
matory and immunosuppressive actions, synthetic glucocorti-
coids are widely prescribed for the treatment of acute and
chronic inflammatory diseases, autoimmune diseases, organ
transplant rejection, and malignancies of the lymphoid
system (3).
The cellular response to glucocorticoids is not uniform,

exhibiting profound variability in both magnitude and speci-
ficity of action (4–6). Whereas glucocorticoids induce the
killing of lymphocytes, they have protective effects on cells of
the endometrium, ovarian follicle, liver, and mammary epi-
thelium (7). The sensitivity to glucocorticoids differs not only
among individuals but also within tissues of the same individ-
ual and even within the same cell during the cell cycle (8, 9).

Moreover, tissue-specific glucocorticoid resistance frequently
develops in patients on chronic glucocorticoid therapy. The
therapeutic benefit of glucocorticoids is also limited by severe
side effects such as osteoporosis, abdominal obesity, glau-
coma, growth retardation in children, and hypertension (3,
10, 11). Elucidating the molecular mechanisms governing the
diversity in the cellular response to glucocorticoids should
facilitate the development of new glucocorticoids with im-
proved therapeutic indices.
Both the physiological and pharmacological actions of glu-

cocorticoids are mediated by the glucocorticoid receptor
(GR2; NR3C1), a member of the nuclear receptor superfamily
of ligand-dependent transcription factors (12). Consistent
with the pleiotropic effects of glucocorticoids, the receptor is
ubiquitously expressed and necessary for life after birth (13).
GR is derived from a single gene, and the prevailing assump-
tion since its cloning in 1985 has been that a single receptor
protein is responsible for the diverse actions of glucocorti-
coids. This simple “one gene-one receptor” paradigm has
been challenged by recent studies revealing a large cohort of
functionally distinct GR subtypes that arise from alternative
processing of the GR gene. In turn, these receptor isoforms
are subject to various post-translational modifications that
further modulate their activity. Such regulatory mechanisms
serve to expand the human proteome to an enormous size,
perhaps several orders of magnitude greater than the encod-
ing genome of �25,000 genes (14, 15). Accordingly, the sensi-
tivity and specificity of the glucocorticoid response may be
determined by the expressed complement and composite ac-
tions of the individual GR isoforms. The following minireview
focuses on the molecular heterogeneity of GR as a mechanism
for generating diversity in glucocorticoid signaling.

GR Signaling Pathway

Like other members of the nuclear receptor superfamily,
GR is a modular protein composed of an N-terminal transac-
tivation domain (NTD), a central DNA-binding domain
(DBD), and a C-terminal ligand-binding domain (LBD) (Fig.
1) (16). A flexible region of the molecule, termed the hinge
region, separates the DBD and LBD. The DBD is the most
conserved region across the superfamily and contains two
zinc finger motifs that recognize and bind target DNA se-
quences, termed glucocorticoid-responsive elements (GREs).
The NTD contains a strong transcriptional activation func-
tion (AF1) that binds various coregulators and components of
the basal transcription machinery. The LBD, consisting of 12
�-helices and four �-sheets, forms a hydrophobic pocket for
binding glucocorticoids (17). A second activation function
(AF2) that interacts with coregulators in a ligand-dependent
manner is embedded in the LBD. Two nuclear localization
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signals, NL1 and NL2, are located at the DBD/hinge region
junction and within the LBD, respectively.
Unliganded GR is found primarily in the cytoplasm of cells

as part of a large multiprotein complex that includes various
chaperone proteins such as hsp90 (18, 19). Binding of glu-
cocorticoids triggers a conformational change in GR resulting
in the dissociation of the heterocomplex, exposure of the nu-
clear localization signals, and importin-mediated nuclear en-
try (Fig. 1) (20). The release of Src kinase from the GR hetero-
complex and its subsequent phosphorylation of lipocortin-1
are thought to mediate some of the rapid non-genomic effects
of glucocorticoids (21). Once in the nucleus, GR dimerizes
and binds directly to GREs to stimulate the expression of tar-
get genes (Fig. 1A) (22, 23). Alternatively, the receptor associ-
ates with less well defined negative GREs to suppress gene
activation (24). When bound to the GRE, conformational
changes ensue in the receptor that lead to the coordinated
recruitment of coregulators and chromatin-remodeling com-
plexes that influence the activity of RNA polymerase II and
modulate gene transcription rates (25–27). Both the nature of
the bound ligand and the GRE sequence itself can dictate the
specific assembly and function of the cofactors through alter-

ations in the receptor structure (28, 29). The receptor inter-
acts only briefly with target genes, rapidly cycling on and off
the GRE every few seconds, presumably allowing GR to sam-
ple a large number of potential binding sites and interacting
proteins (30, 31).
GR can also regulate gene expression by physically associat-

ing with other transcription factors. For example, the interac-
tion of GR with the proinflammatory transcription factors
AP-1 (activator protein-1) and NF-�B inhibits their activity
and accounts for the major anti-inflammatory and immuno-
suppressive effects of glucocorticoids (32, 33). This repression
can be accomplished on some genes by GR tethering itself to
these DNA-bound proteins (Fig. 1B), but others require GR to
act in a composite manner and bind both a GRE and the tran-
scription factor on an adjacent site (Fig. 1C). In contrast to
these inhibitory effects, the physical association of GR with
members of the STAT (signal transducer and activator of
transcription) family, either apart from or in conjunction with
GRE binding, can enhance their transcriptional activity on
certain genes (Fig. 1, B and C) (34). Operating through these
diverse mechanisms for stimulating or suppressing gene tran-
scription, GR has been shown by microarray analysis to regu-

FIGURE 1. GR signaling pathway. Upon binding glucocorticoids, cytoplasmic GR undergoes a change in conformation (activation), becomes hyperphos-
phorylated (P), dissociates from accessory proteins, and translocates into the nucleus, where it regulates gene expression. GR enhances or represses tran-
scription of target genes by direct GRE binding (A), by tethering itself to other transcription factors apart from DNA binding (B), or in a composite manner by
both direct GRE binding and interactions with transcription factors bound to neighboring sites (C). Inset, GR is composed of an NTD, a DBD, a hinge region
(H), and an LBD. Regions involved in transcriptional activation (AF1 and AF2), dimerization, nuclear localization, and chaperone hsp90 binding are indicated.
Position numbers are for the human GR. NPC, nuclear pore complex; BTM, basal transcription machinery; TBP, TATA-binding protein; nGRE, negative GRE; RE,
response element.

MINIREVIEW: GR Isoforms Generate Signaling Diversity

3178 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 5 • FEBRUARY 4, 2011



late up to 10–20% of the human genome in different cell
types (35, 36). Although differences in ligand bioavailability,
GR expression levels, and cofactor availability contribute to
the tissue-specific effects of glucocorticoids, recent studies
have demonstrated that GR heterogeneity may also play an
important role in determining the glucocorticoid signaling
profile.

GR Isoforms Generated by Alternative Splicing

The human GR gene is located on chromosome 5q31–32
and is composed of nine exons. Alternative splicing near the
end of the primary transcript generates two receptor iso-
forms, termed GR� and GR�, which differ at their extreme C
termini (Fig. 2) (37, 38). The classic GR� protein results from
the end of exon 8 being joined to the beginning of exon 9. The
splice variant GR� utilizes an alternative splice acceptor site
such that the end of exon 8 is joined to downstream se-
quences in exon 9. The resulting proteins are identical
through amino acid 727 but then diverge, with GR� contain-
ing an additional 50 amino acids and GR� an additional non-
homologous 15 amino acids. The GR�-specific sequences
encode helices 11 and 12 of the LBD, a region crucial not only
for glucocorticoid binding but also for coregulator recruit-
ment by AF2. The unique GR� sequence is predicted to be
largely disordered (39), and this structural change confers
several distinct properties to the isoform (37, 38). GR� does
not bind glucocorticoids, resides constitutively in the nucleus
of cells, and does not directly regulate glucocorticoid-respon-
sive reporter genes. However, when coexpressed with GR�,
the splice variant functions as a dominant-negative inhibitor
of GR� on genes both positively and negatively regulated by
glucocorticoids. Various mechanisms, including competition
for GRE binding, competition for transcriptional coregulators,
and formation of inactive GR�/GR� heterodimers, have been
proposed to underlie the antagonism.

The ability of GR� to inhibit the transcriptional activity of
GR� suggests that alterations in the expression level of the
splice variant will modulate cellular sensitivity to glucocorti-
coids. GR� is widely expressed but generally found at much
lower levels than GR�. However, in certain cell types such as
neutrophils and specific epithelial cells, GR� is abundant.
Moreover, exposure of cells to proinflammatory cytokines
and other immune activators can selectively increase the ex-
pression of GR�, leading to glucocorticoid resistance (40–
42). Conversely, agents that increase GR� expression at the
expense of GR� sensitize cells to glucocorticoids (43). Some
patients with glucocorticoid-resistant forms of asthma, rheu-
matoid arthritis, ulcerative colitis, nasal polyposis, systemic
lupus erythematous, acute lymphoblastic leukemia, and
chronic lymphocytic leukemia present with elevated levels of
GR� (38). The molecular basis for the selective increase in
GR� is poorly understood, but the involvement of the splicing
factor SRp30c (serine/arginine-rich protein p30c) has been
implicated in several studies (44, 45). Elevated levels of GR�
also result from a naturally occurring polymorphism
(A3669G) in the 3�-untranslated region of the GR� mRNA
that disrupts an mRNA destabilization motif (AUUUA) (46,
47). The A3669G allele has been associated with reduced cen-
tral obesity in women and a more favorable lipid profile in
men (48), suggesting that some of the undesirable effects of
GR� on fat distribution and lipid metabolism may be antago-
nized by a rise in GR�. However, by attenuating the beneficial
immunosuppressive and anti-inflammatory actions of GR�,
the increase in GR� may also underlie the elevated risk of
A3669G carriers for pathologies with known inflammatory
components such as autoimmune disease, myocardial infarc-
tion, and coronary artery disease (49).
A broader role for GR� in cell signaling and physiology has

emerged in recent years. Global gene expression analyses have

FIGURE 2. GR isoforms generated by alternative splicing. The human GR primary transcript is composed of nine exons, with exon 2 encoding most of the
NTD, exons 3 and 4 encoding the DBD, and exons 5–9 encoding the hinge region (H) and LBD. The classic GR� protein results from splicing of exon 8 to the
beginning of exon 9. GR� is produced from an alternative splice acceptor site that links the end of exon 8 to downstream sequences in exon 9, encoding a
variant with a unique 15-amino acid C terminus (positions 728 –742). GR� is generated by an alternative splice donor site in the intronic sequence separat-
ing exons 3 and 4, resulting in a protein with an arginine insertion (Arg-452) between the two zinc fingers of the DBD. GR-A is produced from alternative
splicing that joins exon 4 to exon 8, deleting the proximal 185 amino acids of the LBD (Ala-490 –Ser-674) encoded by exons 5–7. GR-P is formed by a failure
to splice exon 7 to exon 8. The retained intronic sequence introduces a stop codon, resulting in a truncated receptor mutant missing the distal half of the
LBD.
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shown that GR� can directly induce and repress a large num-
ber of genes not controlled by GR� (50, 51). The ability of
GR� to constitutively induce histone deacetylation may ac-
count for its repression of certain genes (52, 53). GR� was
also found to bind the glucocorticoid antagonist mifepristone
(RU486), and this binding silenced its activity on many of the
regulated genes (51). Collectively, these data suggest that GR�
has an intrinsic gene regulatory function that may contribute
to alterations in glucocorticoid signaling independent of GR�
antagonism. Another provocative finding has been the discov-
ery of GR� in several animal species (54, 55). This result was
unanticipated because the alternative splice acceptor site uti-
lized in humans for generating GR� is only partially con-
served across species and is absent from rodents (55, 56). GR�
isoforms in zebrafish (zGR�) and mouse (mGR�) arise from a
distinct mechanism that employs alternative splice donor
sites in the intron separating exons 8 and 9. The resulting
GR� isoforms are strikingly similar in structure and function-
ality to human GR�. The point of divergence from GR� is at
the end of exon 8, with mGR� and zGR� containing an addi-
tional 15- and 50-amino acid C terminus, respectively. In ad-
dition, mGR� and zGR� exhibit ubiquitous expression, nu-
clear localization, inability to bind glucocorticoid agonists,
and antagonism of GR�. Genetic manipulation of GR� in
these animal models may shed new light on the biological
importance of this intriguing splice variant.
Several additional GR isoforms arise from alternative splic-

ing and impact glucocorticoid signaling (Fig. 2). GR� contains
an insertion of a single arginine residue between the two zinc
fingers of the DBD and originates from the use of an alterna-
tive splice donor site in the intron separating exons 3 and 4
(57). This widely expressed isoform binds glucocorticoids and
DNA with a capacity similar to GR�, but it is compromised in
its ability to stimulate glucocorticoid-responsive reporters
and exhibits a transcriptional profile distinct from GR� on a
subset of commonly regulated genes (28, 57). GR� expression
is associated with glucocorticoid resistance in small cell lung
carcinoma cells, corticotroph adenomas, and childhood acute
lymphoblastic leukemia (57–59). Two non-hormone-binding
GR splice variants missing large regions of the LBD were ini-
tially discovered in glucocorticoid-resistant multiple myeloma
cells (60). GR-A, derived from alternative splicing linking the
end of exon 4 to the beginning of exon 8, is missing the N-
terminal half of the LBD encoded by exons 5–7. GR-P is miss-
ing exons 8 and 9, which encode the C-terminal half of the
LBD due to a failure to splice at the exon 7/8 boundary. Al-
though little is known about GR-A, GR-P is detected in many
tissues and appears to be the predominant receptor variant in
several glucocorticoid-insensitive cancer cells (61–63). De-
pending on the cell type, GR-P has been shown to either re-
press or stimulate the transcriptional activity of GR� on glu-
cocorticoid-responsive reporter genes (61).

GR Isoforms Generated by Alternative Translation
Initiation

Although the generation of distinct GR isoforms by alterna-
tive splicing has been recognized for many years, only recently
was it demonstrated that an additional cohort of receptor

proteins is produced by alternative translation initiation from
a single GR mRNA species (64, 65). Sequence alignment of
human, monkey, rat, and mouse GRs revealed eight conserved
AUG start codons derived from exon 2, and these were shown
to produce eight GR� isoforms with progressively shorter
NTDs (GR�-A, GR�-B, GR�-C1, GR�-C2, GR�-C3, GR�-D1,
GR�-D2, and GR�-D3) (Fig. 3). Both ribosomal leaky scan-
ning and ribosomal shunting mechanisms are involved in the
generation of the GR� subtypes with truncated N termini
(64). GR�-A is the classic full-length 777-amino acid human
receptor that is generated from the first initiator codon. Each
of the GR splice variants (GR�, GR�, GR-A, and GR-P) would
also be expected to give rise to a similar complement of trans-
lational isoforms.
The GR� translational isoforms, distinguished only by the

length of their N termini, possess both common and unique
properties. No significant differences have been observed in
their affinity for glucocorticoids or their capacity to interact
with GREs following ligand activation (36). However, the sub-
cellular distribution of the isoforms differs, with GR�-D resid-
ing constitutively in the nucleus of cells (64). This result sug-
gests that sequences in the NTD may play a previously
unappreciated role in nuclear translocation, nuclear export,
and/or cytoplasmic retention of the receptor. The nuclear
localized GR�-D isoforms also exhibit constitutive binding to
certain GRE-containing promoters (36). The most striking
difference among the translational isoforms is, however, in
their gene regulatory profiles (36, 64). The GR�-C isoforms
are the most active, and the GR�-D subtypes are the most
deficient in their ability to enhance transcription of glucocor-

FIGURE 3. GR� isoforms generated by alternative translation initiation
and sites of post-translational modification. Initiation of translation from
eight different AUG start codons in a single GR� mRNA generates receptor
isoforms with progressively shorter NTDs. Approximate locations of the
AUG start codons in the exon 2 sequences of the GR� mRNA are designated
by asterisks. The initiator methionines, AF1 region (amino acids 77–262),
and sites of post-translational modifications (phosphorylation (P), sumoyla-
tion (S), ubiquitination (U), and acetylation (A)) are indicated for the human
GR� isoforms. H, hinge region.
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ticoid-responsive reporter and endogenous genes. These iso-
form-selective transcriptional effects appear to be due to dif-
ferences among the subtypes in the recruitment of
coregulators and RNA polymerase II to target gene promot-
ers. In global gene expression assays performed on human
osteosarcoma cells selectively expressing the individual iso-
forms, the GR� subtypes were found to regulate both com-
mon and unique sets of genes (36). Remarkably, the majority
of glucocorticoid-responsive genes were selectively regulated
by different GR� isoforms, with �10% being commonly regu-
lated by all the subtypes. In addition, the GR�-D isoform,
which is missing the entire AF1 region and almost 80% of the
NTD, still regulated �1800 genes in response to hormone.
These isoform-unique gene regulatory profiles produced
functional differences in glucocorticoid-induced apoptosis.
Cells expressing GR�-C were the most sensitive to the cell-
killing effects of glucocorticoids, whereas cells expressing
GR�-D were the most resistant.

With each GR� translational isoform possessing a unique
genetic fingerprint, the cellular response to glucocorticoids
may be determined by the expressed complement of receptor
subtypes. The receptor isoforms show a widespread tissue
distribution, but their relative levels differ both within and
between tissues (64). In rodents, for example, the GR�-C iso-
forms are found at low levels in the liver but at high levels in
the pancreas, lung, and colon. The GR�-D subtypes are prev-
alent in the spleen and bladder but are expressed at low levels
in heart and pancreas. Within the same tissue, GR�-B is more
abundant than GR�-A in the thymus and colon but is less
abundant in other tissues. In human cell lines examined so
far, GR�-A and GR�-B are the predominant isoforms, with
the exception of trabecular meshwork cells that preferentially
express the GR�-C and GR�-D proteins (66). Recent studies
have also demonstrated signal- and time-dependent changes
in the cellular complement of GR� translational isoforms.
Treatment of differentiated murine skeletal muscle cells with
a selective estrogen-related receptor �/� agonist induced a
selective increase in the GR�-D isoforms (67). Moreover, the
relative levels of the GR� subtypes expressed in the human
brain were found to change during development and the ag-
ing process (68). The molecular mechanisms governing the
expressed complement of translational isoforms are poorly
understood. Polymorphisms in the GR gene, as well as hetero-
geneity in the 5�-untranslated region of the GR� mRNA, have
been reported to influence the efficiency of alternative start
codon usage (69, 70). Additionally, changes in the relative
levels of the GR� subtypes may be achieved by post-transla-
tional modifications that differentially affect receptor half-life.
Other nuclear receptors closely related to GR also have the

potential for generating multiple translational isoforms from
internal AUG start codons. The mineralocorticoid receptor
contains 10 methionine residues in its NTD that are con-
served across human, rat, and mouse; the androgen receptor
(AR) contains 7; the progesterone receptor has 2; and estro-
gen receptor (ER) � and ER� have 6 and 3, respectively (64).
Several of these internal AUG codons have been reported to
function as translational start sites, including Met-15, which
gives rise to the B isoform of the mineralocorticoid receptor

(71); Met-174, which produces ER�-46 (72); and Met-188,
which gives rise to a shorter isoform of AR, termed AR-A
(73). These findings suggest that alternative translation initia-
tion may be a common mechanism by which steroid receptors
mediate diverse signaling responses.

Post-translational Modification of GR Isoforms

Each individual GR isoform is subject to various post-trans-
lational modifications that further modulate receptor activity
and expand the functional pool of receptor proteins available
for glucocorticoid signaling (Fig. 3). Phosphorylation was the
first identified covalent modification of GR and has been the
focus of most studies (74–76). At least 6 serine residues (Ser-
113, Ser-141, Ser-203, Ser-211, Ser-226, and Ser-404) are
phosphorylated on human GR�, and these sites are conserved
in mouse and rat. The receptor displays a basal level of phos-
phorylation and becomes hyperphosphorylated upon binding
glucocorticoids, with the extent of phosphorylation depend-
ent on the nature of the bound ligand (77, 78). Interdepen-
dence of several of the phosphorylation sites suggests that the
phosphorylation state of an individual receptor isoform may
depend on prior phosphorylation/dephosphorylation events.
The major kinases that phosphorylate GR� include MAPKs,
cyclin-dependent kinases, and GSK-3 (glycogen synthase
kinase-3).
Phosphorylation of GR� changes its transcriptional activity,

often in a gene-selective manner. Early studies showed that
phosphorylation-deficient GR� mutants were compromised
in their ability to activate reporter genes in a promoter-de-
pendent fashion (79). Subsequently, it was reported that phos-
phorylation of Ser-211 correlated with the transcriptionally
active form of GR�, whereas phosphorylation of Ser-226 im-
paired its signaling capability (78, 80, 81). Phosphorylation of
Ser-211 appears to be necessary for glucocorticoid-induced
apoptosis of lymphoid cells, suggesting that a deficiency in
this phosphorylation event may be a mechanism by which
lymphocytes become resistant to glucocorticoids (82, 83).
Phosphorylation of Ser-211 also provides GR� with the
means to cross-talk with other signaling pathways. Estrogen
treatment of several breast cancer cell lines promotes the de-
phosphorylation of Ser-211 via enhanced expression of pro-
tein phosphatase PP5 and leads to suppressed GR� activity on
several target genes involved in growth inhibition (84). Glu-
cocorticoid-dependent phosphorylation of Ser-404 also has
major consequences on GR� signaling, impairing both activa-
tion and repression of target genes (85). Cells expressing a
GR� mutant incapable of Ser-404 phosphorylation show a
redirection of the global transcriptional response to hormone
that includes activation of distinct signaling pathways. Differ-
ences in cofactor recruitment have been implicated in these
transcriptional effects, consistent with the sites of phosphor-
ylation being located within or nearby the AF1 domain (Fig.
3). Phosphorylation of Ser-211 enhances the interaction of
GR� with the coactivator MED14 (81), whereas phosphoryla-
tion of Ser-404 diminishes its interaction with the coactivator
p300/CBP (cAMP-responsive element-binding protein-bind-
ing protein) and the p65 subunit of NF-�B (85).
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Several other properties of GR� are affected by receptor
phosphorylation leading to alterations in glucocorticoid sig-
naling. For example, phosphorylation of GR� influences the
expression level of the receptor protein by modulating its
half-life. The tumor suppressor gene TSG101 interacts
preferentially with non-phosphorylated GR� to protect the
ligand-free receptor from proteasome-dependent degrada-
tion (86). Conversely, phosphorylation of the receptor in
response to glucocorticoids appears to promote GR� de-
cay, as phosphorylation-deficient mutants display a marked
ligand-dependent stabilization (79). Phosphorylation also
modulates the cellular trafficking of the receptor. GR�
phosphorylated on Ser-203 is preferentially retained in the
cytoplasm of cells and, accordingly, is poorly recruited to
glucocorticoid-responsive target genes (78, 80). Similarly,
the diminished signaling of GR� phosphorylated on Ser-
226 or Ser-404 may be due in part to its enhanced nucleo-
cytoplasmic transport (85, 87).
GR� also serves as a substrate for a variety of other post-

translational modifications (Fig. 3). The receptor is ubiquitin-
ated at a conserved lysine residue located in a PEST degrada-
tion motif at the end of the NTD, and this modification
targets the receptor for degradation by the proteasome (88,
89). Mutation of this lysine residue blocks ligand-dependent
down-regulation of GR� and enhances its transcriptional ac-
tivity on reporter genes (89). In addition, an E3 ubiquitin li-
gase has been identified for GR�, and alterations in the ex-
pression of this enzyme modulate receptor levels and cellular
responsiveness to glucocorticoids (90). GR� is also a substrate
for sumoylation, in which SUMO (small ubiquitin-related
modifier) peptides are covalently attached to the receptor at
specific lysine residues (Lys-277, Lys-293, and Lys-703).
Sumoylation of GR� dramatically promotes its degradation
and inhibits the transcriptional activity of the receptor in a
promoter-dependent fashion through the recruitment of
corepressors (91–97). Furthermore, recent reports have dem-
onstrated that GR� is acetylated at Lys-494 and Lys-495 in
response to glucocorticoids, and this modification impairs its
antagonism of NF-�B (98). Clearly, multiple aspects of GR�
function can be regulated by various post-translational modi-
fications, providing cells with additional receptor heterogene-
ity for controlling the glucocorticoid response and integrating
GR� action with other signaling pathways. To what extent the
various splicing and translational isoforms of GR are subject
to and regulated by these modifications remains to be
investigated.

Summary and Perspective

The traditional view that glucocorticoids exert their diverse
effects through one receptor protein has changed dramatically
over the last 2 decades with the discovery of multiple GR iso-
forms arising from the single GR gene. GR subtypes with
unique expression and gene regulatory profiles are generated
by alternative splicing of the nascent transcript, alternative
translation initiation of the mature mRNA, and post-transla-
tional modifications of the receptor protein. The capacity of a
cell to generate dozens of GR isoforms that control specific
sets of genes and/or differentially regulate common sets pro-

vides enormous potential for signaling diversity. Further con-
tributing to the tissue- and cell-specific effects of glucocorti-
coids is the potential for these isoforms to heterodimerize
with each other and cross-talk with other signaling mole-
cules. A critical goal of future studies will be to use genetic
approaches to assess the contribution an individual GR
isoform makes to the actions of glucocorticoids in the
whole animal. Additionally, it will be important to deter-
mine whether changes in the cellular complement of GR
isoforms underlie pathologies characterized by glucocorti-
coid resistance and/or the severe side effects that accom-
pany glucocorticoid treatment. Finally, future studies
should look to identify the operative factors that govern
the production of GR splice variants and translational iso-
forms. A greater understanding of the role that GR hetero-
geneity plays in the cellular response to glucocorticoids
should aid in the development of safer and more effective
glucocorticoid therapies.
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Because activated estrogen (ER) and androgen (AR) recep-
tors stimulate cell proliferation in breast and prostate cancer,
inhibiting their actions represents a major therapeutic goal.
Most efforts to modulate ER and AR activity have focused on
inhibiting the synthesis of estrogens or androgens or on the
identification of small molecules that act by competing with
agonist hormones for binding in the ligand-binding pocket of
the receptor. An alternative approach is to implement screens
for small molecule inhibitors that target other sites in the
pathway of steroid receptor action. Many of these second-site
inhibitors directly target ER or AR; others have still unknown
sites of action. Small molecule inhibitors that target second
sites represent new leads with clinical potential; they serve as
novel modulators of receptor action; and they can reveal new
and as yet unidentified interactions and pathways that modu-
late ER and AR action.

Within the large nuclear receptor family, estrogen (ER)2
and androgen (AR) receptors are unusual in their ability to
stimulate cell proliferation. The central roles played by ER�
and AR in most cases of breast and prostate cancer led to an
intense effort to identify agents that modulate receptor activ-
ity. The availability of substantial information on the interac-
tion of agonist ligands with ER� and AR led to a primary fo-
cus on identification of small molecules that act by competing
with natural hormones for binding in the ligand-binding
pocket of the receptors. This fruitful approach was followed
by development of agents that act by inhibiting key enzymes
in estrogen synthesis. Although these approaches to develop-
ment of clinically useful agents remain productive, as shown
by recent development of an improved competitive ligand for
androgens (1) and an inhibitor of androgen production in

prostate tumors (2), their current potential for illuminating
novel mechanisms of ER and AR action is limited. Here, we
focus on small molecules modulators of ER and AR activity
that act outside of the ligand-binding pocket. Some of the
sites targeted in attempts to antagonize ER action in breast
cancer are illustrated in Fig. 1. Research summarized else-
where in this minireview series describes some of the array of
macromolecular interaction partners that can influence re-
ceptor activity (3); these include DNA-binding sites, proteins
that tether receptors to DNA, coactivators, corepressors,
chaperones, ubiquitin ligases, and diverse modifiers such as
kinases, phosphatases, methylases, and acetylases. These in-
teractions provide a wealth of targets that are only beginning
to be exploited by screens to identify small molecules that
modulate ER and AR activity.
In considering efforts to identify small molecule modula-

tors of ER and AR, it is important to understand why it has
been simpler to target binding of natural hormone ligands
than to target other sites critical for receptor activity. The
natural ligands are relatively small and bind with very high
affinity (low nanomolar to subnanomolar) in a discrete bind-
ing pocket whose three-dimensional structure is known. In
contrast, most other ER and AR interactions involve relatively
large, often low affinity, macromolecular interfaces for which
little or no structural information is available. Most current
noncompetitive small molecule modulators of ER and AR
were identified using screens based on known activities of the
receptors such as DNA binding or coactivator binding. Al-
though binding sites for many of these small molecules are as
yet unknown, they target well defined biological processes.

Small Molecules That Target AR

The central role of AR in both primary and castration re-
current prostate cancer (4–7) and the limited effectiveness of
synthetic AR antagonists such as hydroxyflutamide and bi-
calutamide/Casodex, which target the ligand-binding pocket
of AR, make it an attractive target for development of small
molecule inhibitors that target other sites. More than 350 nu-
clear receptor coregulators have been described (3, 8). The
first family of coregulators to be described, the steroid recep-
tor coactivators (SRCs), are �160-kDa proteins containing
three or four Leu-X-X-Leu-Leu (where X is any amino acid)
motifs. The SRCs remain among the most important steroid
receptor coregulators. SRC3 and the other SRC coregulators
exhibit multiple regulatory functions that go far beyond their
interaction with nuclear receptors (3).
In AR and other steroid receptors, agonist binding stabi-

lizes a hydrophobic cleft, AF-2 (activation function 2), above
the ligand-binding pocket (9, 10). In most steroid receptors
bound to agonists, including AR, LXXLL motifs in SRCs bind
in this hydrophobic cleft. For AR, N/C-terminal interaction
that results from AR N-terminal FQNLF motif binding to
AF-2 competes with binding of coactivator LXXLL motifs (11,
12). The coregulator MAGE-11 (melanoma antigen gene
product 11) specifically binds the AR FXXLF motif, thereby

* This work was supported, in whole or in part, by National Institutes of
Health Grant RO1 DK071909. This work was also supported by a Bridge
grant from the Endocrine Society. This is the fifth article in the Thematic
Minireview Series on Nuclear Receptors in Biology and Diseases. This mi-
nireview will be reprinted in the 2011 Minireview Compendium, which
will be available in January, 2012.

1 To whom correspondence should be addressed. E-mail: djshapir@illinois.
edu.

2 The abbreviations used are: ER, estrogen receptor; AR, androgen receptor;
SRC, steroid receptor coactivator; E2, 17�-estradiol; ERE, estrogen re-
sponse element; cERE, consensus ERE; LBD, ligand-binding domain; T3,
triiodothyronine; ARE, AR DNA response element; PR, progesterone re-
ceptor; OHT, 4-hydroxytamoxifen; DIBA, 2,2�-dithiobisbenzamidine;
TPBM, 8-((benzylthio)methyl)theophylline; TPSF, p-fluoro-4-(1,2,3,6-tetra-
hydro-1,3-dimethyl-2-oxo-6-thionpurin-8-ylthio)butyrophenone.
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increasing accessibility of AF-2 to coactivators. MAGE-11
also directly binds SRC2 and other coactivators, tethering
them to AR (13, 14). Researchers are only beginning to target
the AR-specific interaction surfaces revealed by these studies.
The unique ability of AR to bind larger motifs such as

FXXLF and WXXVW in phage display libraries (15) suggested
an approach to selectively targeting AR. Gunther et al. (16)
re-evaluated a library of coactivator-binding inhibitors origi-
nally tested on ER (17). Their idea was that pyrimidines con-
taining large aromatic substituents would retain the ability to
bind AR but not ER�. Using a luciferase reporter assay in
HEC-1 human endometrial cancer cells, they compared the
ability of these compounds to inhibit 17�-estradiol (E2)-ER�-
dependent expression of an estrogen response element (ERE)-
luciferase reporter and dihydrotestosterone-AR-dependent
expression of a mouse mammary tumor virus promoter-lucif-
erase reporter. They also evaluated the compounds’ activity
against the AR T877A mutant found in widely used LNCaP
cells and �30% of patients with metastatic prostate cancer
treated with the nonsteroidal antagonist hydroxyflutamide
(18). Some of the peptidomimetic compounds containing
multiple aromatic substituents were highly selective for AR
and AR T877A (with IC50 values as low as 2 and 4 �M, respec-
tively) and did not inhibit ER�-mediated transactivation (16).
Thus, an approach based on side chain size provides a system
for producing peptidomimetics that selectively target binding
of SRCs to AR rather than ER�.
In an unusual screen, Estébanez-Perpiñá et al. (19) soaked

small molecules into crystals of the AR ligand-binding do-
main (LBD) bound to an SRC fragment and looked for small
molecules that disrupted the interaction. They identified a
novel hydrophobic binding site, which they called BF-3 (bind-
ing function 3). This large site is near AF-2 and is at the junc-
tion of helix H1 and the H3–H5 loop (Fig. 2). Binding of small
molecules to this site reorganizes amino acid side chains in
both BF-3 and AF-2, resulting in loss of coactivator binding.

BF-3 represents a novel allosteric binding site for small mole-
cules that alters AR conformation so that coactivator binding
is inhibited. The small molecules identified as binding to BF-3
are quite diverse and include the natural hormone triiodothy-
ronine (T3) (Fig. 2), flufenamic acid, and 3,3�,5-triiodothy-
roacetic acid. Although the compounds exhibited only mod-
est inhibitory potency (IC50 � 50 �M) in a fluorescence
polarization assay, they were more effective (IC50 � 10–30
�M) in reporter gene assays (19). This study is unusual in that
detailed structural data of the inhibitor bound to the receptor
are available. Although the concentrations of T3 that bind
BF-3 are probably too high to be encountered in biological
systems, it remains possible that more potent and selective
naturally occurring small molecules allosterically modify co-
activator interaction with AR by binding BF-3.
Using a mammalian two-hybrid screen based on disruption

of the interaction of liganded AR with the AR-binding protein
gesolin, Joseph et al. (20) carried out a screen of �10,000
small molecules and describe two structurally distinct com-
pounds (D36 and D80) that inhibit the interaction of AR and
gesolin. These compounds bind AR at an unknown site out-
side of the ligand-binding pocket and induce a conforma-
tional change that inhibits binding of the synthetic androgen
R1881 and recruitment of AR to androgen-responsive genes.
D36 and D80 inhibit transcription of luciferase reporter genes
and several endogenous androgen-regulated genes and andro-
gen-dependent proliferation in cell-based models for anti-
androgen-sensitive and anti-androgen-resistant prostate can-
cer with IC50 values of 10–40 �M (20).
To identify small molecule inhibitors of AR, Jones et al. (21)

used a conformation-based FRET screen with cyan and yellow
fluorescent proteins fused to AR. Two compounds, pyrvinium
maoate and harmol hydrochloride, inhibited AR activity in
the nanomolar range. Pyrvinium and harmol appear to act at
distinct unidentified sites outside of the AR ligand-binding
pocket. Because they act synergistically and inhibit different
steps in AR action, pyrvinium and harmol appear to have dif-

FIGURE 1. Schematic representation of some sites targeted by small
molecules used to selectively block ER� action and breast cancer cell
growth. Current small molecule modulators largely target estrogen synthe-
sis and competition with E2 for binding in the ligand-binding pocket of ER�.
Actions of ER� targeted by the small molecules discussed here included
coactivator binding, DNA binding, and receptor degradation. SERMS, selec-
tive ER modulators; TAM, tamoxifen.

FIGURE 2. Structure of the AR LBD with T3 bound to AR BF-3. The ribbon
diagram shows the AR LBD liganded with dihydrotestosterone (brown) and
T3 (purple) bound at BF-3. The dot-filling model illustrates the residues in the
AF-2 core (prepared using Jmol from Protein Data Bank code 2PIV).
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ferent modes of action. Pyrvinium and harmol inhibited the
proliferation of LNCaP cells and did not inhibit growth of
HEK-293 cells. In a short-term in vivo experiment, pyrvinium
combined with bicalutamide caused a 63% reduction in pros-
tate weight (21).
In related work, Jones and Diamond (22) used the confor-

mation-based FRET screen and high throughput microscopy
to assess nuclear accumulation of AR. The most potent inhib-
itors targeted pathways known to influence the activity of AR
and many other proteins (actinomycin (RNA synthesis), cu-
curbitacin (JAK/STAT3), and radicol (HSP90)) (22).
Efforts to target the DNA response element to which AR

binds must contend with two major issues. There is substan-
tial sequence heterogeneity in naturally occurring AR DNA
response elements (AREs). Also, there is a great deal of over-
lap in DNA-binding sites for AR and other receptors. Using a
fluorescence polarization/anisotropy microplate assay (23) to
analyze binding of purified AR and progesterone receptor
(PR) to published DNA-binding site sequences thought to
exhibit some specificity for binding AR over other receptors,
we were unable to identify any DNA elements that exhibited a
strong preference for binding AR over PR.3 Nickols and Der-
van (24) developed and extensively characterized hairpin
polyamides that target the minor groove of the proposed con-
sensus ARE (5�-AGAACAgcaAGTGCT-3�). In LNCaP cells
treated with 10 �M polyamide, binding of AR to androgen
response elements was reduced, and androgen induction of
the prostate-specific antigen and FKBP5 genes was inhibited
by 60–70%. Analysis of the effects of the polyamide on the
entire set of transcripts in LNCaP cells suggested that the het-
erogeneity of the AR DNA-binding sites and the existence of
AR genes regulated by indirect mechanisms will make it im-
possible for a single polyamide to inhibit all AR-regulated
genes (24). However, these compounds may have consider-
able potential in studies designed to inhibit genes containing
specific AREs or families of closely related AREs.

Small Molecules That Inhibit ER-Coregulator Interactions

Most early efforts to identify small molecules that interfere
with ER activity and that act outside of the ligand-binding
pocket focused on compounds that interfere with coactivator
binding (Fig. 1). Katzenellenbogen and co-workers (25) used a
fluorescence polarization assay to identify pyrimidines that
inhibit binding of a coactivator peptide from SRC1 to ER�. To
optimize these compounds, they synthesized a larger pyrimi-
dine-based library (17) and evaluated the compounds using
time-resolved FRET (26). Further studies showed that these
compounds inhibited ER�-mediated activation of a tran-
siently transfected luciferase reporter gene. A different chemi-
cal scaffold based on amphipathic benzenes led to inhibitors
with a mean inhibitory concentration of 1.7 �M (27).

The guanylhydrazone ERI-05 was identified using high
throughput screening for inhibitors of ER-coactivator interac-
tion. In mammalian two-hybrid assays, ERI-05 inhibited the
interaction of the Gal4 DNA-binding domain-ER� LBD fu-
sion and SRC1-, SRC2-, and SRC3-VP16 fusions with an IC50

of 6 �M. However, the 20 �M concentration of ERI-05 re-
quired to inhibit ER� induction of the endogenous pS2 gene
in MCF-7 human breast cancer cells approaches the concen-
tration that is toxic to cells (28). Development of these com-
pounds continues, and some show improved potency relative
to ERI-05 (29).
In the classical model for antagonist action, binding of

4-hydroxytamoxifen (OHT) to ER results in a conformation
in which a segment of helix 12 of ER occupies the coactivator-
binding groove (30). In an intriguing structural study of the
ER� LBD, a second molecule of OHT was bound to the recep-
tor and occupied the hydrophobic groove of the coactivator-
binding surface (31). Whether this second binding site plays a
direct role in OHT antagonism of coactivator binding and the
level of OHT required to occupy this site remain to be
established.
Although they are not small molecules, coactivator peptide

inhibitors display a novel mechanism for inhibition of ER. A
nona-arginine TAT peptide tag linked to the SRC2/TIF2 box
2 peptide (to improve cell permeability) resulted in an inhibi-
tory peptide that at 70 �M completely blocked E2-ER� induc-
tion of pS2mRNA in MCF-7 cells (32). In addition to facilitat-
ing passage across the plasma membrane, linking peptides to
oligoarginine results in their accumulation in the nucleolus.
Using an ER�-cyan fluorescent protein fusion transfected into
U2OS cells enabled Carraz et al. (32) to show that binding of
these peptides to ER� results in sequestration of ER� in the
nucleolus. This is an example of a second-site inhibitor that
acts in part by altering subcellular localization of a steroid
receptor.

Small Molecules That Target Binding of ER� to DNA

ER� binds to its consensus palindromic binding site, 5�-
aGGTCA-nnnTGACCt-3�, and related sequences with rela-
tively high specificity. However, direct repeats containing
GGTCA half-sites are found in binding sites for numerous
nuclear receptors. Gearhart et al. (33) reported pyrrole-imid-
azole polyamides that bind to the minor groove of an ERE
with a Kd of 1 nM. However, these compounds may be more
selective for estrogen-related receptors that can bind an ex-
tended ERE half-site with high affinity. The DNA topoisomer-
ase inhibitor XR5944 intercalates at 5�-TpG:CpA in duplex
DNA. XR5944 inhibited ER�-mediated expression of a trans-
fected luciferase reporter gene in MCF-7 cells with an IC50 of
�1 nM. At the low nanomolar concentrations tested, XR5944
did not inhibit activation of an SP1-regulated reporter (34).
The DNA-binding domain of ER� contains two different

Cys4 zinc fingers. 2,2�-Dithiobisbenzamidine (DIBA), which
was originally identified as releasing zinc from a retroviral
Cys3-His zinc finger protein, was shown by Wang et al. (35) to
cause release of zinc from purified ER�. MCF-7 xenografts in
immune-suppressed mice treated with DIBA showed a dose-
dependent decrease in growth, with a high dose (30 mg/kg)
completely blocking tumor growth (35). Importantly, DIBA
was reported to enhance the effectiveness of tamoxifen in ta-
moxifen-resistant cell lines (36). ChIP showed that DIBA re-
duced binding of ER to EREs of responsive genes but had no
effect on the ability of E2 or OHT to induce genes that are3 M. Cherian and D. J. Shapiro, unpublished data.
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regulated by tethering of ER to DNA by proteins bound to
AP-1 sites. DIBA treatment was also reported to alter the bal-
ance between coactivator and corepressor recruitment to
DNA-ER complexes, with decreased recruitment of SRC3/
AIB1 (amplified in breast cancer 1) and increased corepressor
recruitment (36). Whether DIBA influences ER� levels was
not reported.
We used a fluorescence polarization screen (23) for

small molecule inhibitors of binding of ER�, PR, and AR to
their respective fluorescein-labeled DNA response ele-
ments. One small molecule, 8-((benzylthio)methyl)theo-
phylline (TPBM; 8-benzylsulfanylmethyl-1,3-dimethyl-3,7-
dihydropurine-2,6-dione) (Fig. 3A), was selected for further
study (37). TPBM preferentially inhibited binding of ER to
the consensus ERE (cERE; IC50 values for binding to ER�,
PR, and AR of 3, 10, and 8 �M, respectively). Because we
found that increasing the concentration of E2 in the bind-
ing assays to 10 �M had no effect on the ability of TPBM to
inhibit binding of ER� to the fluorescein-labeled cERE,
TPBM does not act by binding in the ligand-binding pocket
of ER�. Unlike DIBA, TPBM does not act as a zinc chela-
tor. In stably transfected cell lines expressing a luciferase
reporter linked to EREs or to the PR- and GR-regulated
mouse mammary tumor virus progesterone response ele-
ment, TPBM inhibited expression of the estrogen-respon-
sive reporter with an IC50 of 12 �M and did not inhibit PR-
and GR-regulated transcription (37).
To analyze the intracellular action of TPBM, we examined

its ability to inhibit expression of the estrogen-inducible PI-9

(proteinase inhibitor-9) gene. Induction of the serpin and tu-
mor lethality factor PI-9 results from direct binding of E2-ER�
to EREs and ERE half-sites (38, 39). Estrogen induction of PI-9
enables breast cancer cells to evade apoptosis induced by im-
mune cells (40, 41). We used MCF7ER�HA cells, which over-
express ER� (42). In these cells, tamoxifen and OHT are po-
tent agonists (40, 43). TPBM inhibited both E2 induction of
PI-9mRNA (IC50 � 9 �M) and OHT induction of the PI-9
gene. Using quantitative RT-PCR to measure the PI-9mRNA
level and semiquantitative ChIP to measure occupancy of the
PI-9 estrogen-responsive region, we observed a good correla-
tion between the extent to which TPBM inhibits induction of
PI-9mRNA and the extent to which TPBM reduces E2-ER�
occupancy at the PI-9 gene (37). Thus, the primary mecha-
nism by which TPBM exerts its intracellular action is by de-
creasing the interaction of ER� with regulatory regions of
estrogen-responsive genes. It is likely that the interaction of
TPBM with ER� induces a conformational change in the re-
ceptor and that one result of this conformational change is
decreased association of E2-ER� with EREs. TPBM is a useful
research tool to probe the role of DNA binding in ER-medi-
ated processes. TPBM has been used to inhibit binding of ER
to EREs in several genes (44, 45) and to analyze the contribu-
tion of DNA binding to stabilization of ER dimers (46).
To identify more potent ER� inhibitors, we used a cell-

based screen to evaluate �200 small molecules structurally
related to TPBM and identified a much more effective ER in-
hibitor, p-fluoro-4-(1,2,3,6-tetrahydro-1,3-dimethyl-2-oxo-6-
thionpurin-8-ylthio)butyrophenone (TPSF) (Fig. 3A) (47).

FIGURE 3. Structurally similar TPBM and TPSF have very different modes of action. A, shown are the structures of the ER� inhibitors TPBM and TPSF.
B, in contrast to TPBM, TPSF does not inhibit binding of E2-ER to a fluorescein-labeled cERE. C, Western blot analysis shows that TPSF elicits a concentration-
dependent decline in ER� levels. In contrast, TPBM has no effect on effect on the level of ER� (redrawn from Ref. 47).
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Down-regulation of ER� Levels by a Small Molecule
Inhibitor

In testing using ER�-positive T47D human breast cancer
cells stably transfected to express an (ERE)3-luciferase re-
porter, TPSF with an IC50 of 0.7 �M was �15-fold more po-
tent than TPBM. Competitive radiometric binding assays and
cell-based inhibition studies done at E2 concentrations that
varied by 500-fold demonstrated that TPSF is not a classical
ligand that competes with E2 for binding in the ER� ligand-
binding pocket.
In MCF-7 cells, TPSF potently inhibits E2-ER�-mediated

induction of the PI-9 gene (IC50 � 200 nM), which is activated
by direct binding of ER� to an ERE DNA and the cyclin D1
gene, which is thought to be induced by tethering ER� to
other DNA-bound proteins. Because 30 �M TPSF had no ef-
fect on the NF-�B-mediated induction of IL-8 mRNA in
MCF-7 cells and because very high concentrations of TPSF
were required to inhibit GR- and AR-mediated transcription,
TPSF is a selective inhibitor of ER� (47).

We tested TPSF inhibition of cell growth in ER�-positive
MCF-7 cells and in ER�-negative MDA-MB-231 human
breast cancer cells. TPSF elicited a dose-dependent inhibition
of the estrogen-dependent growth of MCF-7 cells with an
IC50 of 2 �M and completely blocked estrogen-dependent
growth by 7.5 �M. In ER-negative MDA-MB-231 cells, TPSF
did not inhibit growth at all concentrations, including 30 �M.
The capacity for anchorage-independent growth is a hallmark
of cancer cells that is often evaluated by growth in soft agar.
MCF-7 cells grown in medium containing E2 formed large
colonies. The addition of 10 �M TPSF completely blocked
formation of MCF-7 cell colonies (47). Thus, TPSF inhibits
estrogen stimulation of both anchorage-dependent and an-
chorage-independent growth of breast cancer cells.
TPSF also inhibits ER�-dependent cell growth in three

models for tamoxifen resistance: OHT-stimulated
MCF7ER�HA cells, which overexpress ER�; fully tamoxifen-
resistant BT474 cells, which have amplified HER-2 and AIB1;
and partially tamoxifen-resistant ZR-75 cells. Thus, TPSF is
effective in cells that become tamoxifen-resistant through
different mechanisms.
Although TPBM and TPSF are very similar structurally

(Fig. 3A), they have very different effects on ER�. Whereas
TPBM inhibits in vitro binding of E2-ER� to a labeled ERE in
vitro, TPSF does not (Fig. 3B). TPSF strongly reduces ER�
levels in breast cancer cells, whereas TPBM has little or no
effect on the level of ER� (Fig. 3C). Because TPSF has very
little or no effect on the levels of AR and GR, TPSF is highly
selective for down-regulation of ER. The proteasome inhibitor
MG132 abolished down-regulation of ER� by TPSF (47).
Thus, TPSF influences receptor levels at least in part due to
its ability to enhance proteasome-dependent degradation of
ER�.
How might we account for the different modes of action of

these two closely related small molecules? ER� and other ste-
roid receptors exhibit a high level of conformational flexibil-
ity, and small molecules can elicit quite different conforma-
tions when they interact with ER�. For example, binding of E2

or OHT in the ER� ligand-binding pocket results in function-
ally distinct agonist and antagonist conformations (30). Thus,
binding of TPBM and the more potent TPSF may cause dis-
tinct ER� conformations that are associated with different
modes of action. Our observation that TPSF down-regulates
E2-ER� more effectively than unliganded ER� is consistent
with an important role for receptor conformation in TPSF
action.
Although several pathways modulate ER� degradation,

mechanisms by which a small molecule might enhance degra-
dation of ER� are poorly defined. Activation of the aryl hy-
drocarbon receptor by 2,3,7,8-tetrachlorodibenzo-p-dioxin
stimulates proteasome-dependent degradation of ER� (48).
Knockdown of the oncoprotein Muc1, which binds to and
stabilizes ER�, increases ER� degradation and inhibits ER�-
mediated transactivation and growth of breast cancer cells
(49). Fulvestrant/Faslodex/ICI 182,780 is a high affinity antag-
onist ER ligand that is used therapeutically to treat advanced
breast cancer and that enhances degradation of ER� (50, 51).
Recent structural studies suggest the Fulvestrant binding may
distort ER� structure so that a few hydrophobic amino acids
are exposed near the surface, perhaps triggering recognition
of ER� as a misfolded protein and rapid degradation.

Future Prospects

The use of small molecules identified by physical or virtual
screening to illuminate the actions of steroid receptors is
gaining momentum. Although most studies have focused on
small molecules that act at known well defined sites in steroid
receptor action, an intriguing approach, which is still in its
infancy, is to use cell- and organism-based high throughput
screens based on inhibition of receptor activity or cell growth.
Cell- and organism-based screens can potentially identify any
small molecule whose actions influence receptor-mediated
transactivation or cell growth. This type of unbiased screen
asks the cell to tell us what interactions and pathways are sus-
ceptible to targeting by small molecules with a readout of al-
tered receptor-mediated transactivation or cell proliferation.
Small molecule inhibitors identified using cell-based screens
have the potential to identify novel pathways and interactions
that influence receptor activity. By their very nature, it is
likely to be both challenging and rewarding to identify these
novel sites of inhibitor action.
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Galectins are �-galactoside-binding lectins that regulate
diverse cell behaviors, including adhesion, migration, prolifer-
ation, and apoptosis. Galectins can be expressed both intracel-
lularly and extracellularly, and extracellular galectins mediate
their effects by associating with cell-surface oligosaccharides.
Despite intensive current interest in galectins, strikingly few
studies have focused on a key enzyme that acts to inhibit galec-
tin signaling, namely �-galactoside �2,6-sialyltransferase
(ST6Gal-I). ST6Gal-I adds an �2,6-linked sialic acid to the ter-
minal galactose of N-linked glycans, and this modification
blocks galectin binding to �-galactosides. This minireview
summarizes the evidence suggesting that ST6Gal-I activity
serves as an “off switch” for galectin function.

Sialic acids comprise a family of nine-carbon sugars added
to the termini of oligosaccharides found on secreted or cell-
surface glycoproteins and glycolipids (1). Because of their
negative charge and relatively large size, sialic acids can mask
important functional domains on surface glycoproteins and
also serve more generally to protect the cell from various
types of assault (2). However, evidence is emerging that sialic
acids mediate specific cellular and molecular recognition by
regulating association with glycan-binding proteins such as
lectins. For example, sialic acids bind specifically to the siglec2
family of lectins (3), whereas other types of glycan/lectin in-
teractions are conversely inhibited by sialylation. Thus, sialic
acids are positioned to play a pivotal role in regulating lectin-
dependent cell/cell and cell/matrix interactions. Sialic acids
are added to glycans via �2,3-, �2,6-, or �2,8-linkages, and
these linkages are directed by distinct sialyltransferases.
�-Galactoside �2,6-sialyltransferase (ST6Gal-I) is one of the
principal enzymes responsible for the addition of �2,6-linked
sialic acids to the Gal�1,4GlcNAc disaccharide (4), which is
found mainly on N-glycans and, to a lesser extent, on O-gly-
cans. In this minireview, we summarize the evidence suggest-
ing that ST6Gal-I-mediated �2,6-sialylation inhibits binding
of N-glycans to galectin-type lectins, thereby serving as a neg-

ative regulator of galectin-dependent cell responses (of note,
�2,6-sialic acid/siglec interactions, although of equal biologic
importance, will be not be discussed herein due to the avail-
ability of other reviews on this topic (3, 5)).

Galectins

Galectins are animal lectins that bind �-galactosides
through their conserved carbohydrate recognition domains
(CRDs) (6, 7). At least 15 mammalian galectins have been
identified, and these are subdivided into three different
groups based on their biochemical structure (Fig. 1). The pro-
totype group (galectin (Gal)-1, -2, -5, -7, -10, -11, -13, -14, and
-15) contains one CRD and a short N-terminal sequence.
Members of this group typically assemble into noncovalent
homodimers. The chimeric group, of which Gal-3 is the only
member, contains one CRD and an extended N-terminal do-
main with a repeated collagen-like sequence. The tandem
repeat group (Gal-4, -6, -8, -9, and -12) is composed of a sin-
gle polypeptide chain that forms two distinct but homologous
CRDS, separated by a short linker. Galectins are found intra-
cellularly in the nucleus and cytoplasm (6) but are also se-
creted through a nonclassical mechanism that is not well un-
derstood (8). Extracellular galectins bind glycoproteins on the
cell surface and in the extracellular matrix (9, 10), whereas
intracellular galectins can associate with cytoplasmic and nu-
clear proteins through carbohydrate-independent interac-
tions (11). Galectins have been implicated in numerous bio-
logic processes, including cell adhesion, migration,
proliferation, differentiation, transformation, apoptosis, an-
giogenesis, and immune responses (9–15).
Although all galectins bind to �-galactosides, each galectin

subtype has selectivity for certain galactose-containing oligo-
saccharides, which occurs as a consequence of variability in
the CRD sequence (7). In general, galectins have particular
affinity for poly-N-acetyllactosamine (N-acetyllactosamine is
defined as the GlcNAc-Gal disaccharide) (Fig. 2); however,
finer specificity is conferred by compositional features of the
glycan, including the number of N-acetyllactosamine units
within a poly-N-acetyllactosamine chain, the presence of ter-
minal sugars on the chain such as sialic acid and fucose, and
the degree of N-glycan branching (7, 16, 17). Many galectins
exhibit stronger binding to �1,6-branched glycans (7), a struc-
ture generated by �1,6-N-acetylglucosaminyltransferase V
(designated GnTV or Mgat5). Because the expression of
Mgat5 changes significantly during pathologic conditions
such as carcinogenesis (18, 19), this enzyme can serve as a
central regulator of cell responses to galectins. Another im-
portant characteristic of galectins is that the binding affinity
between an individual galectin and its minimal glycan ligand
is typically low; however, the propensity of galectins to olig-
omerize enhances avidity. In turn, this facilitates cross-linking
of cell-surface glycans, leading to the formation of stabilized
lattices. These lattices have multiple functions, but one criti-
cal activity is to control the retention of selected glycoproteins
on the cell surface (17, 20, 21).
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Inhibition of Galectin Binding by �2,6-Sialylation

Much of what is known regarding structural determinants
for galectin binding has been gleaned from studies of syn-
thetic oligosaccharides. Results from such studies suggest that
most (if not all) galectins exhibit diminished binding to �-gal-
actosides capped with �2,6-sialic acid. Hirabayashi et al. (7)
used frontal affinity chromatography to show that �2,3-sialy-
lation of �-galactosides was tolerated by some galectins, but
none of the 13 galectins studied, including Gal-1, -3, -8, or -9,
could bind to �-galactosides that were �2,6-sialylated. It was
concluded in this investigation that there was a strict require-
ment for the 6-OH of galactose (the site for addition of �2,6-
linked sialic acid) to remain unmodified in order for galectins
to associate with N-acetyllactosamine (Fig. 2). Similarly, fluo-
rescence-based solid-phase assays were used to determine
that dimeric Gal-1 could bind unsialylated and �2,3-sialylated
poly-N-acetyllactosamines with approximately equal affinity,
whereas binding was completed inhibited by �2,6-sialylation
(22). It was also reported that �2,6-sialylation blocked the
interaction of Gal-1, -2, and -3 with N-acetyllactosamine in
glycan microarrays (23).
Despite these extensive results implicating �2,6-sialylation

as a generic inhibitor of galectin binding, it is becoming ap-
parent that the effects of �2,6-sialylation on the binding of
Gal-3, compared with other galectins, may be more complex
than initially appreciated. Chammas and co-workers (24) de-
tected some binding of Gal-3 to �2,6-sialylated poly-N-
acetyllactosamine, although the binding was lower than that
observed with unsialylated or �2,3-sialylated poly-N-
acetyllactosamine. Likewise, Cummings and co-workers (23)
reported that �2,6-sialylation was less effective at blocking the
association of Gal-3 with poly-N-acetyllactosamine compared
with Gal-1 and Gal-2. These findings are in striking contrast

to the strong inhibitory effect of �2,6-sialylation on Gal-3
binding to a single N-acetyllactosamine unit. One plausible
explanation for this incongruity is that Gal-3 (unlike Gal-1)
may bind laterally to the internal N-acetyllactosamines within
an extended poly-N-acetyllactosamine chain (23, 25), thus
weakening the inhibitory effect of the sialic acid on the termi-
nal N-acetyllactosamine (Fig. 3).

ST6Gal-I-mediated �2,6-Sialylation of N-Glycoproteins

Synthetic oligosaccharides have been invaluable for charac-
terizing determinants of galectin binding. However, cell-sur-
face glycans have much greater structural complexity, and
many of the biologic glycan structures cannot currently be
synthesized (23, 26). In addition, the mode of glycan presenta-
tion, either in solid phase or in solution, can alter the binding
specificity of galectins (23), and the glycan/lectin interaction
might be conformation-specific. Glycan/lectin interactions
may also be altered through lateral association with other
membrane glycoproteins and glycolipids. For all of these rea-
sons, it is important to study glycan/galectin interactions
within the context of the cell, and moreover, the biologic rele-
vance of these interactions and the potential significance of
�2,6-sialylation in controlling them need further elucidation.
Within the cell, variant �2,6-sialylation of N-linked glycans
occurs primarily as a consequence of differential ST6Gal-I
activity, secondary to changes in ST6Gal-I expression.
Given the putative role of ST6Gal-I as a negative regulator

of galectins, it is surprising that so few studies have focused
on this enzyme. In particular, there is still very little known
regarding factors such as 1) signaling mechanisms controlling
ST6Gal-I expression, 2) extracellular stimuli that might ini-
tiate such signaling mechanisms, 3) the biologic relevance of
variant ST6Gal-I mRNA isoforms, 4) the specific substrates
for the enzyme, and 5) the functional consequences associated
with variant �2,6-sialylation of specific substrates. Much of
the ST6Gal-I-related research has centered on correlating cell
responses with global changes in cell-surface �2,6-sialylation;
however, our understanding of the biologic importance of this
enzyme can be complete only when we have defined the role
of �2,6-sialylation in regulating the activity of specific target
molecules.
ST6Gal-I-mediated �2,6-sialylation of glycoproteins likely

influences cell behavior through several molecular mecha-
nisms, including modulation of glycoprotein conformation,

FIGURE 1. Galectins are categorized into three distinct groups. The proto-
type group contains one CRD and a short N-terminal sequence. The chi-
meric group, of which Gal-3 is the only member, contains one CRD and an
extended N-terminal domain with a repeated collagen-like sequence. The
tandem repeat group is composed of a single polypeptide chain that forms
two distinct but homologous CRDs, separated by a short linker domain.

FIGURE 2. Structural studies suggest that three free OH groups are necessary for galectin binding to N-acetyllactosamine: 4-OH and 6-OH on galactose (gal)
and 3-OH on GlcNAc (note that N-acetyllactosamine is defined as the GlcNAc-Gal disaccharide). The ST6Gal-I enzyme adds a sialic acid (SA; depicted as Neu-
5-Ac) to 6-OH of galactose (boxed OH shown in red). The addition of sialic acid at this position blocks galectin binding.
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alterations in receptor clustering or retention at the cell sur-
face, and regulation of protein/protein interactions. For ex-
ample, studies from our group suggest that �2,6-sialylation
alters the conformation and function of the �1 integrin,
thereby regulating cell adhesion and migration (27–30). Baum
and co-workers (31) have shown that �2,6-sialylation inhibits
clustering of the CD45 tyrosine phosphatase on T cells, lead-
ing to diminished signaling, whereas Kitazume et al. (32) con-
versely reported that �2,6-sialylation is necessary for cluster-
ing and cell-surface retention of PECAM (platelet endothelial
cell adhesion molecule) on endothelial cells. In another note-
worthy study, �2,6-sialylation of the core glycan in the IgG Fc
domain was shown to regulate IgG binding to Fc receptors,
and coordinately, the loss of sialylation switched IgG from
having anti-inflammatory effects at steady state to having pro-
inflammatory activity after antigen challenge (33). Finally, the
hemagglutinin of human (but not avian) influenza viruses pre-
dominantly binds �2,6-sialic acid structures on the noncili-
ated cells of human trachea (34). These examples highlight
the many ways in which �2,6-sialylation can alter the activity
of specific molecules or molecular interactions. However, it is
emerging that one of the major physiologic roles for �2,6-
sialylation may be to block galectin-dependent responses.
This important function of ST6Gal-I-mediated �2,6-sialyla-
tion has been most extensively studied in immunology and
cancer biology.

Role of ST6Gal-I-mediated �2,6-Sialylation in Regulating
Galectin-dependent Immune Cell Responses

ST6Gal-I expression is tightly regulated in many immune
cell types and varies as a consequence of cell activation or dif-
ferentiation status. Glycan profiling studies reveal that �2,6-
sialylated structures comprise the predominant type of com-
plex N-glycans in freshly isolated CD4 and CD8 T cells,
whereas activated T cells exhibit a dramatic decrease in �2,6-
sialylated glycans due to down-regulated expression of
ST6Gal-I (35, 36). ST6Gal-I expression and activity are simi-
larly down-regulated during dendritic cell maturation (37, 38)
and differentiation of primary monocytes and promonocytic
cell lines along the macrophage lineage (27, 30, 39). Collec-
tively, these results hint that decreased �2,6-sialylation may
be necessary for some aspect of immune cell maturation or
activation. Indeed, ST6Gal-I-deficient mice exhibit alterations
in thymopoiesis and granulopoiesis (40, 41); disruptions in

eosinophil and dendritic cell profiles (42, 43); and finally, defi-
cits in B cell proliferation and antibody production (44). Un-
doubtedly, some of these phenotypes are due, at least in part,
to elimination of the ligand for �2,6-sialic acid-specific si-
glecs. For instance, it is well established that impaired B cell
responses observed in ST6Gal-I deficient mice occur as con-
sequence of diminished signaling from the B cell siglec, CD22,
due to loss of its �2,6-sialylated ligand (45, 46). Nevertheless,
one anticipates that deletion of ST6Gal-I also contributes to
immunopathology through effects on galectin signaling. One
very important function of extracellular galectins is to induce
apoptosis (15). It is tempting to speculate that diminished
ST6Gal-I-mediated �2,6-sialylation, resulting in exposure of
galectin-binding galactosyl-type glycans, provides a mecha-
nism for limiting the life span of activated and/or differenti-
ated immune cells.
Some of the earliest evidence supporting �2,6-sialylation as

a negative regulator of galectin-mediated immune cell apo-
ptosis was provided by Baum and co-workers (31). In this
study, ST6Gal-I expression was forced in a murine T cell line,
and it was found that �2,6-sialylation blocked Gal-1 binding
as well as Gal-1-induced cell death. These effects were medi-
ated by �2,6-sialylation of CD45, which was shown to be a
selective target for ST6Gal-I. ST6Gal-I-dependent resistance
to Gal-1 may have particular relevance in the positive selec-
tion of maturing thymocytes; �2,6-sialylation is highly en-
riched in mature medullary thymocytes (47), which in turn
exhibit resistance to Gal-1-induced apoptosis (48, 49). Inter-
estingly, there appears to be selectivity not only in the glyco-
proteins bound by various galectins but also in the cell-sur-
face receptors responsible for translating galectin-initiated
signals into specific cell responses. For example, Gal-3 binds a
different (although overlapping) complement of receptors
than Gal-1, and of these Gal-3-binding partners (including �1
integrin, CD43, CD45, and CD71), only CD45 appeared to be
required for Gal-3-induced apoptosis of several T cell lines
(50). Fukumori et al. (51) alternately suggested that the �1
integrin and CD7 receptors were involved in Gal-3-directed
apoptosis of the MOLT-4 T cell line. The important implica-
tion emerging from these studies is that there is an apparent
dependence on specific receptors to direct galectin-induced
responses, although this feature of galectin signaling is not
well understood at this time.
More recently, it has been reported that �2,6-sialylation is a

critical factor controlling the expansion of selected CD4 T cell
subtypes. Effector CD4 T cells (TH1, TH2, and TH17) orches-
trate the functional activity of both the innate and adaptive
immune systems, and the homeostatic process is often ac-
companied by a shift toward a TH2 profile. In an elegant
study, Toscano et al. (52) found that TH2 cells have higher
ST6Gal-I protein expression, ST6Gal-I enzyme activity, and
�2,6-sialic acid compared with TH1 and TH17 cells. This ele-
vated surface �2,6-sialylation was associated with protection
of TH2 cells from Gal-1-induced cell death. Similarly, Gal-1-
deficient mice developed hyper-TH1 and hyper-TH17 re-
sponses after antigenic challenge, reflecting better survival of
TH1 and TH17 cells in the absence of Gal-1, whereas no dis-
ruption was observed in the levels of TH2 cells. These com-

FIGURE 3. Gal-3 may bind internal N-acetyllactosamine units on an ex-
tended poly-N-acetyllactosamine chain, thus attenuating the inhibitory ef-
fect of the terminal �2,6-sialic acid.
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bined results suggest that Gal-1 may function to preferentially
eliminate antigen-specific TH1 and TH17 cells (due to low
levels of surface �2,6-sialylation) (52), and they may also ex-
plain the prior observation that administration of exogenous
Gal-1 suppresses chronic inflammation and skews the im-
mune response toward a TH2 cytokine profile (53). Intrigu-
ingly, TH1 and TH2 cells exhibit equivalent levels of cell death
when exposed to Gal-3 (52), which mirrors the results from
synthetic oligosaccharide studies indicating that �2,6-sialyla-
tion does not always block the activity of Gal-3 as it does for
other galectins. In support of this concept, the enzymatic
removal of �2,6-sialic acids from the surface of HL-60 pro-
myelocytic cells sensitizes cells to Gal-1- but not Gal-3-
directed apoptosis (23). It remains to be determined
whether the persistence of Gal-3 activity observed in vari-
ous models results from binding of Gal-3 to internal N-
acetyllactosamines or is alternatively due to other mecha-
nisms. Recently, it was shown that Gal-3 can bind to
extended type 1 glycans, which contain the Gal�1,3GlcNAc
linkage (lacto-N-biose) rather than Gal�1,4GlcNAc (54).
Given that ST6Gal-I has preferential activity toward the
Gal�1,4GlcNAc disaccharide, alterations in ST6Gal-I-di-
rected sialylation may have little effect on Gal-3 binding to
cells presenting extended type 1 surface glycans. It is also
possible that Gal-3 binding to certain O-linked glycans
would be independent of ST6Gal-I-mediated �2,6-sialyla-
tion. Clearly, further studies are needed to dissect the com-
plex relationship between ST6Gal-I activity and Gal-3.
In addition to effects on T cell responses, protection from

galectin-mediated apoptosis through �2,6-sialylation has been
reported in human B cells. Suzuki et al. (55) determined, in
several B lymphoma cell lines, that �2,6-sialylation prevents
the binding and apoptotic activity of Gal-1. Cell-surface sialy-
lation also inhibits Gal-3-induced apoptosis of HBL-2 B lym-
phoma cells, although the specific type of sialyl linkage was
not determined in this study (56). Finally, sialylation-depen-
dent blockade of galectin signaling may contribute to the
worse prognosis known to be associated with diffuse large B
cell lymphoma patients harboring tumors that express sialy-
lated oligosaccharides (57).

ST6Gal-I-dependent Inhibition of Galectin Function May
Promote Tumor Cell Survival

Another example of variant ST6Gal-I expression is found
in tumor cells. ST6Gal-I is overexpressed in many types of
human cancers, including colon (58–62), breast (63), ovarian
(64), gastric (65), oral (66), cervical (67), choriocarcinoma
(68), leukemia (69), and brain tumors (70), and high expres-
sion positively correlates with tumor metastasis and poor
prognosis (61, 63, 66). Furthermore, both in vitro cell culture
and animal studies have implicated ST6Gal-I in regulating
tumor cell invasiveness and differentiation state, as well as
metastasis (71–79). Although mechanisms regulating
ST6Gal-I expression have not been widely investigated, it is
known that ST6Gal-I is up-regulated by oncogenic Ras (re-
viewed in Ref. 28) signaling through a Ral guanine exchange
factor-dependent mechanism (80). The functional conse-
quences of ST6Gal-I up-regulation are not well defined but

are likely mediated through multiple molecular pathways im-
pacting tumor cell behaviors such as adhesion to matrix and
cell migration and survival. Recent studies suggest that, as
with immune cells, epithelial tumor cells are protected against
galectin-mediated apoptosis via �2,6-sialylation of surface
receptors. Notably, like ST6Gal-I, Gal-3 is commonly up-reg-
ulated in several types of cancers (81–83), raising the paradox
of why a tumor cell would up-regulate a sugar structure that
blocks Gal-3 binding. To address this issue, our group forced
expression of ST6Gal-I in SW48 cells, a colon epithelial cell
line that lacks both �2,3- and �2,6-sialyltransferases (84), and
then evaluated apoptosis induced by recombinant Gal-3
(added extracellularly). These studies showed that parental
cells lacking sialylation had significantly greater binding to
exogenous Gal-3 than ST6Gal-I expressors (85). Using a blot
overlay approach, it was shown that Gal-3 binds directly to
the �1 integrin but not when this integrin carries �2,6-sialic
acids (85). Moreover, �2,6-sialylation of the �1 integrin was
found to protect cells against Gal-3-mediated cell apoptosis
(85). Thus, increased ST6Gal-I-mediated receptor sialylation
protects cancer cells from the pro-apoptotic function of se-
creted Gal-3. However, intracellular Gal-3 is known to have
many protumorigenic functions, including enhancement of
Ras signaling and inhibition of pro-apoptotic mitochondrial
proteins (11, 12, 86). These carbohydrate-independent func-
tions would not be affected by ST6Gal-I activity; therefore, on
balance, simultaneous up-regulation of ST6Gal-I and Gal-3
should provide a survival advantage for tumor cells. It is also
noteworthy that, in this cell model system (unlike HL-60 mye-
locytic cells), �2,6-sialylation by ST6Gal-I served as a strong
inhibitor of Gal-3-induced apoptosis. These results point to a
role for cell type-specific glycans in the regulation of Gal-3
efficacy. Factors such as N-glycan branching and chain length,
expression of type 1 versus type 2 glycans, and/or the presence
of certain O-linked oligosaccharides are likely important, and
all of these structures are correspondingly controlled by the
unique complement of glycosylating enzymes expressed by
each distinct cell type.
In contrast to reports of simultaneous up-regulation of

ST6Gal-I and Gal-3 in tumor cells, Gabius and co-workers
(87) suggested that there was an inverse relationship between
the expression of Gal-1 and the levels of �2,6-sialylation. This
group forced expression of the p16INK4a tumor suppressor in
pancreatic epithelial cells (87). It is well known that abroga-
tion of the Rb/p16INK4a pathway is found in virtually all pan-
creatic carcinomas (88), although the mechanism is still not
fully elucidated. It was found that pancreatic carcinoma cell
lines stably transfected with p16INK4a had increased Gal-1
protein expression but decreased �2,6-sialylation on N-gly-
cans (although ST6Gal-I expression and activity were not di-
rectly evaluated in this study). Nonetheless, the effects of
�2,6-sialylation on Gal-1 function observed by Gabius and
co-workers were consistent with the larger literature; reduced
�2,6-sialylation was associated with greater Gal-1 binding,
leading to p16INK4a-mediated anoikis in pancreatic cell lines
(87).
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Regulation of Surface �2,6-Sialylation by Extracellular
Sialic Acid-modifying Enzymes

Variant �2,6-sialylation of N-glycosylated proteins typically
occurs as a consequence of changes in the levels of ST6Gal-I
within the trans-Golgi, resulting from either transcriptional
or post-transcriptional mechanisms. The gene encoding
ST6Gal-I (siat1) displays multiple promoter sequences, and
several alternatively spliced mRNAs have been identified (4,
89–93). In addition, glycoprotein sialylation can be down-
regulated following shedding of ST6Gal-I from cells after
cleavage in the Golgi by the BACE1 �-secretase (30, 94).
ST6Gal-I activity may also be altered through oligomerization
of the enzyme within the Golgi (95). Regardless of these vari-
ous modes of regulation, it has generally been thought that
�2,6-sialylation has a relatively long-lived effect on glycopro-
tein function. Because �2,6-sialic acids are added during bio-
synthesis of N-glycosylated proteins, this modification is ex-
pected, at least in theory, to be retained for the lifetime of a
protein targeted to the plasma membrane. However, exciting
new evidence suggests a potential mechanism for inducing
rapid loss of �2,6-sialic acid from receptors already translo-
cated to the cell surface, which hints at a complexity in sialic
acid signaling not previously appreciated. More specifically,
Cha et al. (96) reported that the TRPV5 Ca2� channel is re-
tained at the cell surface through an interaction with extracel-
lular Gal-1 and that �2,6-sialylation by ST6Gal-I can block
this interaction, leading to receptor internalization. The semi-
nal finding by this group is that cells secrete an �2,6-specific
sialidase enzyme known as Klotho, which cleaves the �2,6-
sialic acids from TRPV5 and restores galectin binding and
galectin-mediated receptor retention. The Klotho enzyme
appears to have a restricted specificity for TRPV5 and related
ion channels, which prompts speculation regarding the possi-
bility of other receptor-specific sialidases. The identification
of a surface-acting �2,6 sialidase suggests a putative mecha-
nism for directing rapid glycoform switching and an exquisite
level of control over glycan/galectin interactions.

Conclusions and Future Directions

There is currently intensive interest in characterizing galec-
tin structure and function, which is not surprising given the
many important cell responses regulated by this class of lec-
tins, as well as accumulating evidence implicating galectins in
human disease. In contrast, there is a marked dearth of re-
search centered on ST6Gal-I, despite the strong inhibitory
effect of ST6Gal-I-mediated sialylation on glycan/galectin
interactions. As with galectins, ST6Gal-I expression is dynam-
ically regulated in many cell types, and thus, the degree of
receptor �2,6-sialylation can change as a consequence of cell
status or in response to microenvironmental cues. Accord-
ingly, defining ST6Gal-I regulatory mechanisms and specific
ST6Gal-I substrates will be necessary for a complete under-
standing of the physiologic function of galectins and may also
have translational relevance. Recombinant galectins and ga-
lectin inhibitors are currently being developed for use in can-
cer (and other) treatments (97–100). However, there is a good
likelihood that the elevated ST6Gal-I expression known to

occur during carcinogenesis may alter the efficacy of inter-
ventions targeting galectin pathways. As an alternative (or
possibly complementary) approach, it may be fruitful to di-
rectly target ST6Gal-I expression as a mechanism to modu-
late glycan/galectin associations. In sum, the emerging role
for ST6Gal-I as one of the principal negative regulators of
galectin-mediated events highlights the need for future stud-
ies aimed at defining molecular pathways regulating this criti-
cal glycosyltransferase.
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In eukaryotic nuclear DNA replication, one strand of DNA
is synthesized continuously, but the other is made as Okazaki
fragments that are later joined. Discontinuous synthesis is in-
herently more complex, and fragmented intermediates create
risks for disruptions of genome integrity. Genetic analyses and
biochemical reconstitutions indicate that several parallel path-
ways evolved to ensure that the fragments are made and joined
with integrity. An RNA primer is removed from each fragment
before joining by a process involving polymerase-dependent
displacement into a single-stranded flap. Evidence in vitro sug-
gests that, with most fragments, short flaps are displaced and
efficiently cleaved. Some flaps can become long, but these are
also removed to allow joining. Rarely, a flap can form struc-
ture, necessitating displacement of the entire fragment. There
is now evidence that post-translational protein modification
regulates the flow through the pathways to favor protection of
genomic information in regions of actively transcribed
chromatin.

During the S phase of the cell cycle, the genetic material
within the eukaryotic cell is duplicated with high efficiency
and accuracy. One might expect nuclear DNA replication, an
ancient and fundamental cellular requirement, to be a rela-
tively simple process. In reality, it is very complex, with the
evolution of several parallel pathways to ensure the mainte-
nance of genome stability. Based on the 5�–3�-directionality
of DNA polymerases, replication proceeds by continuous syn-
thesis on the leading strand, growing in the same direction as
the opening of the parental strands, and discontinuous syn-
thesis on the lagging strand, growing in the opposite direction
(1). The lagging strand is first made as short fragments of
DNA, which are initiated by RNA/DNA primers. These frag-
ments, �100–150 nucleotides (nt)2 in length, are known as
Okazaki fragments (2, 3). Prokaryotic DNA replication occurs
within a fork structure in which the lagging strand loops

around in a proposed “trombone model” to help orient the
replication enzymes for repeated synthesis and joining (4). A
similar structure may be employed by eukaryotes. Synthesis of
DNA strands occurs at identical rates, suggesting a coordina-
tion between leading and lagging strand synthesis (5).

Prokaryotic DNA Polymerases

Both strands of the parental prokaryotic genome are repli-
cated by DNA polymerase (pol) III holoenzyme (reviewed in
Ref. 6). A multisubunit complex of 10 components, the �-, �-,
and �-subunits make up the catalytic core, acting to polymer-
ize and edit the newly synthesized DNA. Association with the
�-subunit, which encircles the DNA as a sliding clamp, com-
pletes the holoenzyme, which carries out highly processive
synthesis. The triple-DNA polymerase replisome model sug-
gests that three core polymerases assemble at the replication
fork, with one working to extend the leading strand and two
synthesizing on the lagging strand DNA. Because synthesis on
the lagging strand is more complex, it is possible that the
presence of two polymerases might help to coordinate the
replication rates on the leading and lagging strands to avoid
uncoupling of the replication process (7).
On the lagging strand, the holoenzyme quickly releases

from the template as it encounters the 5�-end of the preced-
ing downstream Okazaki fragment. This has been termed the
“collision model.” New lines of evidence from O’Donnell and
co-workers (8) argue against the 5�-end primer recognition to
trigger collision release by the polymerase holoenzyme. In-
stead, it has been proposed that the lack of single-stranded
DNA (ssDNA) on encountering the preceding Okazaki frag-
ment triggers polymerase release from the �-clamp and the
DNA (8). Dissociation of pol III results in polymerase switch-
ing, whereby pol I takes over the maturation of Okazaki frag-
ments. pol I has intrinsic 5�–3�-exonuclease and polymerase
activities, so it can mediate both the removal of RNA primers
from the 5�-end and the synthesis of nucleotides onto Oka-
zaki fragments. pol I performs nick translation for RNA re-
moval, a combination of strand displacement synthesis and
cleavage of resulting short flaps suggested by Setlow et al. (9),
who showed that products of 5�-exonuclease activity were
both mono- and oligonucleotides.

Eukaryotic DNA Polymerases

Initial studies of eukaryotic DNA replication used SV40 as a
model system. Reconstitution of SV40 replication effectively
represents cellular processes because the virus makes exten-
sive use of cellular replication proteins. Work with SV40 sug-
gested that the cell initiates replication using pol �/primase
(10). Consisting of four subunits (p180, p70, p58, and p48),
pol � is the only eukaryotic polymerase that displays primase
activity. The primase catalyzes the synthesis of �8–10 nt of
RNA; the DNA polymerase then further extends the initiator
segment by adding �20–20 nt of DNA (11). Lacking a proof-
reading 3�–5�-exonuclease activity, polymerization by pol � is
error-prone.
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The studies with SV40 further indicated that pol � was the
main replicative polymerase on both the leading and lagging
viral strands, initiating from the primers made by pol � (12).
However, a number of recent studies in yeast by Kunkel et al.
(13) have definitively identified pol � as the polymerase re-
sponsible for synthesis of the cellular leading strand. Consist-
ing of four subunits (Pol2, Dpb2, Dpb3, and Dpb4), pol � is
highly processive and is made more processive by proliferat-
ing cell nuclear antigen (PCNA), as appropriate for synthesis
on the leading strand (14).
After initial priming by pol �, pol � takes over the synthesis

on the lagging strand. In Saccharomyces cerevisiae, pol � is
composed of three subunits (Pol3, Pol31, and Pol32); how-
ever, in Schizosaccharomyces pombe and mammalian cells, a
fourth subunit functions to stabilize the polymerase holoen-
zyme. pol � displays both polymerase and 3�–5�-exonuclease
activities. Using its proofreading function, pol � can correct
errors made by pol �, thereby protecting genome stability
(15).

Lagging Strand Replication Machinery Accessory Factors

Replication protein A (RPA) assembles on the ssDNA im-
mediately after the helicases unwind double-stranded DNA,
creating a replication fork. Binding of RPA protects the
ssDNA from cellular nucleases and also prevents formation of
hairpin structures that might impede the progression of the
replication fork (16). Additionally, RPA coordinates the as-
sembly and disassembly of replication-associated proteins on
the ssDNA. pol �/primase recognizes RPA-coated ssDNA and
initiates primer synthesis on the DNA template (16). Associa-
tion of the ATP-dependent replication factor C with pol �

triggers the switch from replication initiation to replication
elongation, wherein pol � is displaced, and PCNA (a func-
tional homolog of the prokaryotic �-clamp) and pol � are
loaded onto the replicating segment of DNA (12). PCNA im-
proves the processivity of pol � and stimulates strand dis-
placement synthesis (17).

Eukaryotic Okazaki Fragment Maturation

Short Flap Pathway—As pol � fills in the gap between Oka-
zaki fragments, it encounters the downstream fragment and
displaces it into a short 5�-flap, similar to the action of pro-
karyotic pol I. Whereas pol I contains both polymerase and
exonuclease functions in a single polypeptide, pol � does not
possess 5�–3�-exonuclease function. This role in eukaryotes is
filled by FEN1 (flap endonuclease 1; Rad27 in S. cerevisiae)
(18, 19). FEN1 binds to the base of the displaced flap and
threads the flap through its active site, to cleave back at the
base, creating a nick that can be joined by DNA ligase I (LigI)
(20). Mechanistic similarities and protein structure differ-
ences between prokaryotic and eukaryotic Okazaki matura-
tion are depicted in Fig. 1. Efficient and precise eukaryotic
nick translation is a coordinated effort of PCNA, pol �, and
FEN1 (21). FEN1 mutants that can cleave flaps but lack the
binding sites to interact with PCNA are unable to carry out
nick translation working with pol � alone (22).
Biochemical reconstitutions of Okazaki fragment matura-

tion performed by Burgers and co-workers (23) and us (24)
have shown that the majority of the flaps that are displaced
and processed are �10 nt long. Several of these flap cleavages
are needed to remove the initiator RNA/DNA primer. Our
work suggests that the 3�-proofreading function of pol � and

FIGURE 1. Mechanistic similarities and enzymatic differences between prokaryotic and eukaryotic lagging strand maturation. After replication initi-
ation (represented by the red line) by DNA primases, pol III (prokaryotes) and pol � (eukaryotes) take over replication elongation. The polymerases, along
with their processivity clamps, � (prokaryotes) and PCNA (eukaryotes), are loaded onto the DNA with the help of the five-subunit clamp loaders, the clamp
loader (prokaryotes) and replication factor C (RFC; eukaryotes). The single-strand binding proteins, SSB (prokaryotes) and RPA (eukaryotes), which help to
protect the naked DNA template, are displaced as the replisome moves on the DNA. On encountering a downstream Okazaki fragment, pol III is disen-
gaged, and pol I takes over the lagging strand maturation. pol I and pol �, both having a 3�–5�-exonuclease for proofreading, can displace the 5�-end of the
RNA primer on the downstream Okazaki fragment into a flap structure. This flap is cleaved by pol I 5�–3�-exonuclease activity (prokaryotes) and FEN1 5�–3�-
endonuclease activity (eukaryotes) to create a nick that is subsequently sealed by LigI to complete the maturation process.
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the action of FEN1 work coordinately to limit the length of
the displaced flap because pol � mutants lacking a 3�-nuclease
show increased strand displacement synthesis, resulting in
longer flaps (24). Processing of Okazaki fragments by strand
displacement synthesis, followed by cleavage of short flaps, is
known as the “short flap pathway” or the “one-nuclease
(FEN1-only) pathway” (Fig. 2).
Long Flap Pathway—Although the majority of the flaps are

processed through the short flap pathway, our results also
showed that a small percentage of flaps reach lengths �20–30
nt before cleavage (24). It is currently unknown why some
flaps escape FEN1 cleavage. Possibly, FEN1 transiently disen-
gages from the replication protein complex. As the flaps reach
lengths �22 nt, RPA can stably bind and coat them (25).
Bound RPA prevents cleavage by FEN1, necessitating an addi-
tional nuclease component (26). Budd and Campbell (52)
identified this second nuclease, Dna2, in S. cerevisiae. Dna2 is
a multifunctional enzyme, displaying ssDNA endonuclease,
ATPase, and 5�–3�-helicase activities. Genetic studies showed
that dna2-1 (5�–3�-nuclease-deficient mutant) and pol3-01
(3�-exonuclease-deficient mutant of pol �), which increases
strand displacement activity, are a lethal combination. This

result suggests that Dna2 is needed to process long Okazaki
fragment flaps.
RPA binding acts as the critical switch between the short

and long flap-processing pathways in S. cerevisiae (26). Dna2
functionally and physically interacts with RPA (27). Although
RPA inhibits FEN1 activity, the endonucleolytic cleavage
function of Dna2 is significantly stimulated on RPA-coated
flaps (26, 28). Independent of its helicase and endonuclease
activities, Dna2 displaces RPA from the flaps and, using its
endonuclease activity, cleaves multiple times until the flap is
shortened to �5–6 nt (26, 28). RPA cannot rebind on this
short flap, thereby allowing for FEN1 activity. After displace-
ment of RPA, Dna2 can remain nonproductively bound to the
short flap substrate. FEN1 is capable of disengaging Dna2
from these flaps and then cleaving to create a nick for proper
ligation.
Our reconstitutions of Okazaki fragment processing pro-

duced the surprising result that if the flap is created by pol �
in the presence of FEN1 and RPA, FEN1 could acquire the
flap for cleavage before inhibition by RPA (24). Why then was
it necessary to evolve Dna2? A possible answer lies in the
properties of the 5�–3�-DNA helicase Pif1. Genetic evidence

FIGURE 2. Mechanism of the short and long flap pathways. The red line represents the initial RNA/DNA primer synthesized by pol �, and the black lines
represent the nucleotides added by pol �. RFC, replication factor C.
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from S. pombe suggested that Pfh1 (homolog of S. cerevisiae
Pif1) plays a role in Okazaki fragment maturation by promot-
ing strand displacement synthesis by pol �. If so, Pif1 might
promote rapid flap formation, creating a need for Dna2. In
support of this hypothesis, genetic studies in S. cerevisiae
showed that deletion of PIF1 rescued the lethal phenotype of
dna2� strains (29). However, pif1 dna2� strains grew only at
lower temperatures (30 °C), suggesting that Dna2 was still
required for most efficient DNA replication. Notably, the pif1
dna2� strain, combined with a deletion in the POL32 gene,
which encodes a pol � subunit needed for efficient strand dis-
placement, was able to grow at normal temperatures (37 °C)
(29). Moreover, when Okazaki fragment processing was re-
constituted with Pif1, a subset of flaps grew so rapidly that
RPA bound them and blocked FEN1 (30). Apparently, al-
though nick translation by pol � and FEN1 supports the short
flap pathway, the cooperative action of Pif1 and pol � makes
long flaps needing Dna2/FEN1 for processing. This is the
“long flap pathway” or the “two-nuclease (Dna2/FEN1) path-
way” (Fig. 2). Despite the mechanistic elegance of the long
flap pathway, evidence suggests that the short flap pathway
has evolved to act as efficiently as possible. Recent results
show that all three protein components of the long flap path-
way (Dna2, RPA, and Pif1) strongly stimulate cleavage by
FEN1, promoting short flap processing (31).
An exclusive role for Pif1 in fragment maturation in creat-

ing a need for Dna2 does not seem a likely reason for evolu-
tion of the properties of these two proteins. Instead, our re-
cent results suggest that Pif1 allows the cell to properly
process Okazaki fragments in regions where the template
DNA forms hairpin structures (53). Tandem repeat sequences
such as trinucleotide repeats and telomeres tend to form hair-
pin structures that hinder primer elongation. As the polymer-
ase synthesizes through a fold-back, the displaced flap will
have the complementary sequence, with a similar propensity
to fold back. Fold-back flaps cannot be processed through
either the short or long flap pathway because both FEN1 and
Dna2 require a free 5�-end for endonuclease activity. Seo and
co-workers (54) had originally proposed that Pfh1 (Pif1 in
S. cerevisiae) is capable of removing an entire Okazaki seg-
ment in the presence of a fold-back flap. Our recent results
using templates simulating Okazaki fragments with flaps con-
taining hairpin structures showed that, contrary to our initial
hypothesis, Pif1 did not open up the flap in the 5�–3�-direc-
tion to allow for RPA binding and flap processing through the
long flap pathway. Instead, Pif1 bypassed the hairpin struc-
ture, completely displacing the partially synthesized Okazaki
fragment. pol � then resynthesized the complete stretch of
DNA template to create a functional DNA strand (Fig. 2).
We did not distinguish whether Pif1 unwound the down-

stream flap substrate by binding to the base of the flap and
unwinding in the 5�–3�-direction or whether it bound the
template strand and moved in the 5�–3�-direction, removing
the Okazaki segment from the 3�-end. The RecQ helicase
family, specifically the BLM (Bloom) protein and the WRN
(Werner) protein, has been implicated in lagging strand DNA
maturation. These helicases unwind in the 3�–5�-direction
driven by ATP. It is possible that on creation of hairpin struc-

tures that are refractory to cleavage by FEN1 and Dna2, BLM
or WRN binds to the gap between the hairpin and flap base
and moves to destabilize the hairpin or binds the gap in the
template and displaces the fragment. Potentially, other heli-
cases also act to resolve such secondary structures.

Involvement of Okazaki Maturation Proteins in Long
Patch Base Excision Repair

A large majority of DNA repair within the cell is processed
by the base excision repair (BER) pathway. Depending on the
patch length of repair, BER can be divided into short patch
BER (correction of a single nucleotide) or long patch BER
(LP-BER; correction of a patch 2–12 nt in length) (32–34).
Many of the mechanisms and protein components of Okazaki
fragment maturation are also involved in LP-BER. pol � is the
main BER polymerase, containing both synthesis and lyase
functions. Excision of a damaged base by APE1 (apurinic/
apyrimidinic endonuclease 1) creates a 5�-deoxyribose phos-
phate (dRP) residue, which is cleaved by the lyase activity of
pol �, creating a nicked substrate. DNA ligase III then seals
the nick, completing short patch BER. When the dRP residue
is either oxidized or reduced, the lyase activity of pol � is in-
hibited. In this event, pol � performs strand displacement
synthesis to shift the dRP residue into a 5�-flap, which is sub-
sequently recognized and cleaved by FEN1. LigI seals the nick
in LP-BER (Fig. 2) (34–37). Although Dna2 has been recently
implicated in mitochondrial LP-BER, the function of Dna2 in
nuclear LP-BER has not been ascertained (38). Studies using
plasmid DNA containing a single base lesion have shown that
the repair patch size for LP-BER varies from 6 to 12 nt. This
patch length is not long enough to stably bind RPA and push
the repair process to require the long flap-processing path-
way. However, under specific conditions, as described below,
the displaced repair patch length might be sufficient to re-
quire proteins for long flap processing.

Regulation of the Pathways for Okazaki Fragment
Maturation and LP-BER by Acetylation

FEN1, the central component of both the short and long
flap pathways, has been reported to be acetylated by p300
acetyltransferase (39, 40). Acetylation decreases its ability to
cleave flap substrates by �90% (39, 40). Haploinsufficiency of
FEN1, in which the nuclease is present at 50% of the normal
level, has deleterious effects in the cell (41, 42). Consequently,
an intentional down-regulation of nuclease function by acety-
lation seems undesirable in the context of genome stability.
We recently discovered that Dna2, the functional and struc-
tural interacting partner of FEN1, is also post-translationally
modified by p300 (43). However, unlike FEN1, the nuclease,
helicase, ATPase, and binding activities of Dna2 are all greatly
stimulated by acetylation (43). Notably, we also found that in
a small subset of substrates, Dna2 was able to cleave past the
base of the flap, potentially eliminating the need for cleavage
by FEN1. Apparently, regulation of FEN1 and Dna2 promotes
displacement of more nucleotides into each flap before liga-
tion of adjacent Okazaki fragments.
Why would the cell want to intentionally displace a greater

length of flap? Negative effects include more likely formation
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of secondary hairpin structures or recombination with other
complementary sequences. However, a reasonable hypothesis
is that regulation by acetylation has evolved because inten-
tional lengthening of the flap would increase the replication
and repair patch lengths that are replaced. Since pol � can, on
account of its lack of proofreading activity, occasionally syn-
thesize an error-prone initiator primer, if long flaps are dis-
placed, cleaved, and subsequently ligated, it is more likely that
mismatches synthesized by pol � will be removed. As a high
fidelity polymerase, pol � would incorporate correct bases
into the longer patch. Increased activity of Dna2 would ensure
that as the flaps get long, they are efficiently processed to cre-
ate FEN1 substrates to allow for proper maturation of the
Okazaki fragment.
Significantly, a recent report on the mass spectrometric

analysis of three different cell types for protein acetylation
identified many replication and repair proteins, including pol
� (on the p12 subunit) and RPA (on the 70-kDa subunit) (44).
Initial characterization of acetylated replication/repair pro-
teins suggests that the modification regulates the length of the
flaps, consistent with our hypothesis. PCNA was previously
known to be modified by p300, improving its ability to bind to
the polymerases, especially pol � (45). Because PCNA is the
processivity factor for pol �, on acetylation, PCNA is likely to
improve the ability of pol � to displace strands. Strikingly, our
preliminary analyses showed that acetylation of pol � greatly
improved its strand displacement functions on Okazaki frag-
ment substrates.3 Mechanistic effects of acetylation of these
proteins are all consistent with intentional replacement of
longer patches in DNA replication and repair. Additionally,
both BLM andWRN were shown to be acetylated using mass
spectrometric analysis. Acetylation of WRN stimulates its
3�–5�-helicase activity (46). The effect of modification on
BLM is currently unknown. A summary of intermediates and
products expected in the presence of unmodified and acety-
lated proteins is depicted in Fig. 3.
With respect to repair, if LP-BER makes a longer patch, it is

more likely to remove damage on several adjacent nucleo-
tides. Significantly, BER proteins such as DNA glycosylase

OGG1 (47), APE1 (48), and pol � (49) have also been found to
be acetylated by p300. Acetylation of pol � selectively abro-
gates its dRP lyase activity (49). Inhibition of lyase activity
would drive the repair into the LP-BER pathway, with the for-
mation of longer repair patch lengths. With a shift toward
more LP-BER, it is possible that RPA and Dna2 would be in-
volved in processing these flaps, similar to the situation in
Okazaki fragment maturation.
The long patch replacement hypothesis also suggests that

the histone acetyltransferase p300 is enriched in regions of
active chromatin not only to improve accessibility of the DNA
to transcription machinery but also to promote higher fidelity
DNA replication and repair to compensate for the destabiliz-
ing effects of transcription. Many of the proteins undergoing
acetylation are also post-translationally modified by phosphor-
ylation, methylation, and ubiquitination. Distinctively, the
modification by acetylation seems to have the uniform effect
of increasing the patch length of DNA replication/repair to
improve genome stability. Additionally, other forms of modi-
fication are likely to regulate protein functions that interact
with the effects of acetylation. For example, phosphorylation
of FEN1 disrupts binding to PCNA (50), resulting in defects in
Okazaki fragment ligation. Conversely, arginine methylation
of FEN1 suppresses phosphorylation of FEN1, thereby in-
creasing binding affinity for PCNA (51). As we begin to un-
derstand the cross-effects among different forms of modifica-
tions on replication and repair proteins, we may be able to
map out a combinatorial modification code that regulates the
proteins and the pathways for highest fidelity to slow the pro-
gression of cancer, neurodegenerative disorders, and aging.
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G protein-coupled receptors (GPCRs) represent the largest
class of integral membrane protein receptors in the human
genome. Despite the great diversity of ligands that activate
these GPCRs, they interact with a relatively small number of
intracellular proteins to induce profound physiological
change. Both heterotrimeric G proteins and GPCR kinases are
well known for their ability to specifically recognize GPCRs in
their active state. Recent structural studies now suggest that
heterotrimeric G proteins and GPCR kinases identify activated
receptors via a common molecular mechanism despite having
completely different folds.

A relatively small conformational change in G protein-cou-
pled receptors (GPCRs)2 allows extracellular signals to regu-
late a vast number of physiological events in cells, principally
through the activation of heterotrimeric G proteins (G���).
The ability of GPCRs to transmute signals across biological
membranes in this manner has enormous therapeutic poten-
tial, as evidenced by the fact that molecules targeting GPCRs
represent a substantial fraction of drugs on the market today
(1).
Many mechanistic details of heterotrimeric G protein func-

tion are now well established (2, 3). GPCR activation converts
the receptor into a guanine nucleotide exchange factor (GEF)
for heterotrimeric G proteins. Via this GEF activity, GDP is
released from the inactive G��� heterotrimer, and GTP binds
to form the activated G�-GTP and G�� components, which
then interact with downstream effectors. G� subunits are
grouped into four subfamilies (G�s, G�i, G�q, and G�12/13)
(4), which are characterized by their ability not only to couple
to specific GPCRs but also to regulate distinct classes of en-
zymes and ion channels.

However, heterotrimeric G proteins are not the only family
of proteins that form specific functional interactions with ac-
tivated GPCRs. Eukaryotic cells regulate the strength and du-
ration of GPCR signal transduction to adapt to changing ex-
ternal conditions and to avoid damage from sustained
signaling. One such desensitization pathway is that of the
GPCR kinases (GRKs) and arrestins. GRKs typically phosphor-
ylate the third intracellular loop and/or C-terminal tails of
activated receptors, allowing arrestins to bind and block the
recoupling of heterotrimeric G proteins (5, 6). GRKs and ar-
restins preferentially interact with the active conformation of
the receptor, are allosterically regulated by this interaction,
and are capable of initiating their own G protein-independent
signaling cascades. However, GRKs and arrestins generally
lack the receptor selectivity exhibited by the various G�
subfamilies.
The �800 GPCRs in the human genome (1) are predicted

to share the same seven-transmembrane helix topology and,
from the perspective of the cytoplasm, exhibit a relatively
conserved arrangement of structural features. Despite rela-
tively low sequence homology, the cytoplasmic surfaces of
activated receptors must have a common topography that a
relatively small number of G proteins, GRKs, and arrestins
can all recognize as being “active.” On the other hand, hetero-
trimeric G proteins, GRKs, and arrestins are structurally di-
verse (Fig. 1). They have different mechanisms by which they
interact with the cell membrane and, presumably, distinct
structural elements that interact directly with activated
GPCRs. In this minireview, we summarize recent structural
studies that suggest that heterotrimeric G proteins and GRKs
utilize a similar mechanism to recognize activated receptors.

Active Conformation of a GPCR

The crystal structure of dark-state bovine rhodopsin was
reported in 2000 and represents a milestone for understand-
ing the molecular basis of GPCR signaling (7). Now a decade
later, a flurry of new GPCR structures has been reported, in-
cluding the human �2-adrenergic (8, 9), turkey �1-adrenergic
(10), human A2A adenosine (11), human CXCR4 (12), and
human dopamine D3 (13) receptors. Structures are also avail-
able for squid rhodopsin (14) and bovine opsin (rhodopsin
without the retinal chromophore) (15, 16). A detailed com-
parison of all but the most recent of these structures is cov-
ered by several thorough reviews (17–19). These models pro-
vide a wealth of new formation about the structure and
function of GPCRs, in particular about their specific interac-
tions with antagonists or inverse agonists.
In these structures, the seven transmembrane-spanning

helices (TM1–TM7) of these receptors form a characteristic
bundle that presents three intracellular loops (IL1–IL3) and a
long C-terminal tail to the cytoplasm of the cell. In all but the
CXCR4 receptor, TM7 is followed by a cytoplasmic am-
phipathic helix (H8) that runs parallel to the plasma mem-
brane (Fig. 2, A and B). Ligands typically bind in a deep pocket
formed by the transmembrane spans at a depth of about one-
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third of the way through the lipid bilayer from the extracellu-
lar side (Fig. 2A), whereas the cytoplasmic ends of the trans-
membrane helices contain many of the residues thought to be
important for interacting with G proteins, GRKs, and arres-
tins (20–22). However, most of these receptors were crystal-
lized in an inhibited state, and hence, their cytoplasmic sur-
faces adopt conformations that are nonpermissive for binding
G proteins or GRKs.3
The apparent exception is the structure of bovine opsin

(Fig. 2, C and D) (15, 16). Although opsin has very low activity
relative to the activated form of rhodopsin (Rho*), Fourier
transform infrared spectroscopy shows that it exists in two
conformational states. One of these (called Ops*) bears spec-
tral properties very similar to those of Rho* and is stabilized
by low pH and/or via binding a peptide derived from the C-
terminal tail of transducin (23). The most profound changes
exhibited by the opsin structure compared with that of dark-
state rhodopsin are an extension of TM5, an outward move-
ment of TM6, and a slight inward movement of TM7 relative
to the helical core of the protein (Fig. 2, compare B and D).
These motions are consistent with fluorescence (24), EPR
(25), and cross-linking (26, 27) studies that, along with other
studies, suggest a rigid-body movement of TM6 relative to
TM3 upon activation of rhodopsin. The same activation-de-
pendent conformational change was suggested by fluores-

cence studies of the �2-adrenergic receptor (28). The cyto-
plasmic ends of the transmembrane helices in the opsin
structure are similar in conformation to those observed in
structures of an agonist-bound �2-adrenergic receptor4 and a
constitutively active recombinant form of rhodopsin.5 Thus,
the opsin structure likely corresponds to Ops*, and if so, it
represents the best model of an activated GPCR currently
available.
The conformational change exhibited by Ops* relative to

rhodopsin creates a solvent-accessible pocket on the intracel-
lular side of the GPCR. Conserved hydrophobic residues on
TM3, TM5, and TM6 form one wall of the pocket. Arg135 of
the (E/D)RY motif in TM3, one of the most highly conserved
sequences in the class A family of GPCRs (29), rearranges
from its conformation in dark-state rhodopsin (where it forms
the so-called “ionic lock” that helps stabilize the inactive state)
to form a new hydrogen bond with Tyr223 on TM5, which has
rotated from an external to an internal position. Tyr306 of the
conserved NPXXY motif in TM7 rotates into the central re-
gion of the GPCR to pack against Arg135 and Tyr223 (Fig. 2,
compare A and C with B and D). Together, these residues co-
alesce to form the “roof” of the pocket. Many of the residues
that line the observed pocket are known to be important for
coupling to G proteins (see, for example, Ref. 20 and 24), and
as such, the pocket likely represents the primary site used by
G proteins, GRKs, and arrestins to probe the activation status
of a GPCR.3 A low resolution “photoactivated” structure of rhodopsin is available from

crystals of dark-adapted rhodopsin exposed to light (71), but it is unclear
if the requirement to maintain crystal contacts, and hence diffraction,
limited the conformational changes that could be observed in this exper-
iment. The resulting structure is qualitatively very similar to that of rho-
dopsin and other inactive GPCRs.

4 B. K. Kobilka, personal communication.
5 G. F. Schertler, personal communication.

FIGURE 1. Heterotrimeric G proteins, GRKs, and arrestins are three structurally diverse families of proteins that selectively recognize activated
GPCRs. Each representative model is drawn to scale, with its expected receptor-binding elements oriented toward the top of the panel. The tertiary domain
thought to form the primary interaction(s) with receptors is shown in yellow, and the structural elements within this domain most strongly implicated in
directly binding to the core of the activated receptor are colored orange. A, heterotrimeric G proteins dock with activated GPCRs primarily with the �C helix,
the C-terminal helix of G�. GDP bound to the Ras-like domain of the G� subunit is shown as blue spheres. The G� and G� subunits, which form an obligate
heterodimer (G��), are shown in gray and black, respectively. The model is a fusion of three atomic structures: the bulk of the model is that of G�i1�1�2
(Protein Data Bank code 1GG2) (66); the C terminus of G�i1 is modeled from the RGS4-G�i1 complex (code 1AGR) (47); and the C terminus of G�2 is from the
GRK2-G�� complex (code 1OMW) (56). B, GRKs are predicted to interact with GPCRs primarily with residues in the �N helix. Residues in the C-tail of the ki-
nase domain (green) may also contribute. The C-terminal tail or extended third intracellular loops of GPCRs, which contain the phosphoacceptor sites, nec-
essarily bind in the kinase active-site cleft, but such interactions are of much lower affinity. In the GRK6 crystal structure, a basic region adjacent to �N binds
three sulfate anions (yellow and red spheres) and is proposed to be an interaction site for anionic phospholipid headgroups (see also Ref. 60). The structure
shown is that of GRK6 in complex with the adenosine analog sangivamycin (blue spheres) (code 3NYN) (53). C, current evidence suggests that arrestins rec-
ognize activated receptors using the extended V-VI “finger loop” (67). The phosphorylated loops or tails of GPCRs also bind to basic residues in the N-termi-
nal domain (yellow), which helps to reorganize the so-called “polar core” of arrestin and release its C-terminal tail (green). The model shown is that of visual
arrestin (arrestin-1; code 1CF1) (68).
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There is considerable evidence that GPCRs can form homo-
or hetero-oligomers that help dictate transport and/or func-
tion (as reviewed in Ref. 30). From a crystallographic stand-
point, the recent CXCR4 receptor structures provide the most
convincing case for a functional (and allosteric) GPCR oli-
gomer, as a similar dimer interface was observed in multiple
crystal forms. However, the residues in this interface are not
conserved even within the chemokine receptor family (12),
and thus, it remains unclear in what manner other GPCR oli-
gomers are assembled. Regardless, studies of monomeric
GPCRs reconstituted in high density lipoprotein-like particles

strongly suggest that receptor oligomers are not required for
efficient functional interactions with heterotrimeric G pro-
teins (31–34), GRKs (35), or arrestins (35, 36). Thus, in terms
of coupling to its cytoplasmic partners, a monomeric GPCR is
sufficient, at least for class A receptors.

Structural Features of Heterotrimeric G Proteins
Responsible for Receptor Recognition

Heterotrimeric G proteins are composed of a G� subunit,
which contains a Ras-like domain that binds guanine nucleo-
tides, and a G�� heterodimer, which bind with high affinity to

FIGURE 2. Conformational changes expected to occur upon GPCR activation. Receptors are colored in a gradient from the N terminus (cyan) to the C
terminus (magenta). A, structure of rhodopsin, a GPCR in an inactive state. Three highly conserved residues among GPCRs, Arg135 in TM3, Tyr233 in TM5, and
Tyr306 in TM7, are well separated (ball-and-stick models). The photosensitive 11-cis-retinal chromophore (yellow spheres), which serves as an inverse agonist,
demarks the approximate location of the ligand-binding pocket. The model is that of bovine rhodopsin (Protein Data Bank code 1GZM) (69). Twenty-one amino
acids are disordered at the C terminus, which includes all of the GRK phosphorylation sites. B, the cytoplasmic surface of an inactive GPCR. The view is rotated 90°
around a vertical access from that in A. In this conformation, IL2 and IL3 are in close proximity and block access to the core of the transmembrane bundle. C, struc-
ture of Ops*, a GPCR proposed to be in a relatively active conformation. Conformational changes in the TM5–TM7 segments allow Arg135, Tyr233, and Tyr306 to in-
teract and form the roof of a pocket on the cytoplasmic side of the receptor. Residues equivalent to Tyr223 and Tyr306 in other reported structures of GPCRs are in a
conformation intermediate to that observed in rhodopsin and Ops*. A peptide derived from the sequence of the extreme C terminus of the �C helix in G�t (G�CT
orange; cf. Fig. 1A) binds in the pocket as an amphipathic helix. The structure is that of bovine Ops* (code 3DQB) (15). D, the cytoplasmic surface of Ops*. Compari-
son with B reveals the outward motion of TM6 and the extension of TM5, leading to separation of IL2 and IL3 and the creation of a pocket that can be detected by
proteins that specifically interact with activated GPCRs. The bound G�CT peptide is shown as a transparent ribbon.
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G� in its GDP-bound state (Fig. 1A). As of yet, there are no
structures of the G��� heterotrimer in a nucleotide-free state
that clearly mimics its conformation when in complex with a
GPCR.6 Various studies have implicated two regions of G���
as being involved in receptor interactions (Ref. 37; Ref. 2 and
references therein). The first is the C-terminal helix and the
adjacent �N-�1, �2-�4, �3-�5, and �4-�6 loops of the G�
subunit. The second is the C-terminal region of G� (Fig. 1A).
The two regions are separated by �55 Å in the G��� hetero-
trimer, suggesting that both could not be in contact with the
same receptor (�45 Å at its widest) at the same time. Because
G�� subunits have been shown to be dispensable, at least un-
der certain conditions, for the formation of complexes be-
tween G� subunits and activated receptors (38), the primary
role of the C terminus of G�, which is either farnesylated or
geranylgeranylated, may instead be to work in conjunction
with the adjacent N terminus of G�, which is myristoylated
and/or palmitoylated (Fig. 1A), in targeting heterotrimeric G
proteins to the membrane surface and perhaps in helping to
dictate a particular orientation of the complex (2).7 On the
other hand, the C-terminal helix of G� (in particular, its last
four amino acids) is well known to dictate the selectivity of
the GPCR-G��� interaction (39–41), and the binding of acti-
vated rhodopsin induces structural changes in the C-terminal
helix of G� that are likely coupled to nucleotide exchange (42,
43). Therefore, the C terminus and adjacent structural ele-
ments of G� are expected to form the primary docking site
for activated GPCRs.
The structure determination of a GPCR-G��� complex is

an important objective because it would illuminate the pro-
cess by which signals are transferred from receptors to het-
erotrimeric G proteins. This turns out to be a formidable task
not only because it involves a conformationally flexible, inte-
gral membrane protein (28) but also because the G� subunit
seems to become more disordered when undergoing nucleo-
tide exchange mediated either by GPCRs (44) or by the solu-
ble GEF Ric8A (45).8 As a result, structural studies aimed at
understanding the interaction between GPCRs and heterotri-
meric G proteins have thus far relied on studying complexes
with peptide fragments derived from either the receptor or G
protein. Even so, interpreting these studies can be perilous
because peptide fragments often bind with lower affinity and
in a manner that is potentially inconsistent with how they
would when constrained in the context of a full-length
protein.
However, a consistent story has emerged from NMR and

x-ray studies of peptides derived from the C terminus of G�t.
Kisselev et al. (46) used transfer nuclear Overhauser effect
spectroscopy to show that light-activated rhodopsin induces

order in a peptide corresponding to the last 11 amino acids of
G�t (residues 340–350). The peptide forms a helix from resi-
dues 340 to 346, followed by a C-terminal cap involving
Gly348, whose backbone adopts a left-handed helical confor-
mation (46). This structure is remarkably similar to the C ter-
minus observed in a prior crystal structure of G�i (47), which
belongs to the same subfamily of G proteins as G�t.9 Most
recently, the same peptide but with an affinity-enhancing
K341L substitution (G�CT) was crystallized in complex with
Ops* (15). The peptide adopts the same conformation ob-
served in the NMR and G�i structures and docks into the
pocket created on the cytoplasmic domain of the receptor
(Fig. 2, C and D). Hydrophobic residues from the helical pep-
tide interact with the hydrophobic residues in TM3, TM5,
and TM6, whereas other elements of the peptide form specific
contacts with Arg135 from the (E/D)RY motif and with the N
terminus of H8. To an extent, the structure helps to explain
how G protein selectivity can be achieved because a similar
C-terminal cap structure has not yet been observed in struc-
tures of other G� subunits, and other G� subfamilies do not
have a residue equivalent to Gly348, which can more readily
adopt a left-handed helical conformation. Residues of the re-
ceptor known to be important for coupling with heterotri-
meric G proteins (20, 24) cluster around the bound peptide,
so convincingly, in fact, that one is led to question whether
GPCRs routinely form strong interactions with any other re-
gion of a G��� heterotrimer. Indeed, the C terminus of G�t
can be extended by three helical turns and retain functional
interactions with rhodopsin, even though this would seem to
require displacement of the remainder of the heterotrimer
away from the GPCR (43).
The G�i structure with the ordered C terminus can be su-

perimposed on the Ops*-bound G�CT peptide to generate a
model of G� bound to an activated GPCR, and then a model
of G��� bound to Ops* can be generated by superimposing
the G� subunit from the structure of the G�t�1�1 hetero-
trimer (Fig. 3A). This simple docking exercise yields some
interesting quandaries. First of all, IL3 of the receptor collides
with the �1-�2 loop of G�, IL2 collides with the �N-�1 and
�2-�4 loops, and no direct interactions are formed with the
�3-�5 and �4-�6 loops, which have been reported to serve as
receptor interaction sites (2). Another major collision implied
by the model is that of the lipid bilayer with G�� and the N-
terminal helix of G� (Fig. 3A). Consequently, one must con-
clude that either (i) the structure of Ops* is not that of a fully
activated receptor; or (ii) upon binding to a G��� hetero-
trimer, as opposed to a small peptide fragment, the receptor
adopts a distinct conformation that alleviates the observed
collisions in this model; or (iii) receptor-bound G��� under-
goes a conformation change, one that is perhaps imposed on
G� by the steric constraints imposed by the topology of the
activated receptor and by the membrane surface. The last
conclusion is consistent with the idea that G� must undergo a
conformational change to eject the bound nucleotide, in par-

6 A structure exists for the fast exchanging A326S mutant of G�i1 in com-
plex with G�� wherein the bound GDP is clearly at low occupancy (48).
However, because this structure was crystallized under conditions identi-
cal to those of the wild-type heterotrimer, it is not clear if it closely ap-
proximates a receptor-bound conformation or merely one possible state
that is trapped by crystal lattice contacts.

7 G�� is, however, important for GPCR-mediated GEF activity. Both the “le-
ver arm” (72) and the “gear shift” (61) hypotheses suggest distinct mech-
anisms by which G�� could help dislodge guanine nucleotides from G�.

8 C. Thomas and S. R. Sprang, personal communication.

9 This is not meant to imply that the G�i subunit in this structure would be a
substrate for a GPCR because it is in an active conformation and is not
bound to G��.
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ticular of its C-terminal helix, whose C-terminal end binds
directly to GPCRs and whose preceding loop directly contacts
the guanine base of GDP. It is not clear how large this confor-
mational change has to be to provoke nucleotide release (48).
The Ops*-G��� docking exercise may also provide an expla-
nation for why lipid modification of either the extreme N ter-
minus of G� or the C terminus of G� is required for efficient
nucleotide exchange (38): conformational strain imposed by
the requirement to maintain simultaneous and favorable in-
teractions with both the GPCR and the lipid bilayer could be
used to help stabilize the transition state for nucleotide ex-
change on G� (15).

Structural Features of GRKs Responsible for Receptor
Recognition

Activated GPCRs are both substrates and allosteric activa-
tors of GRKs, and receptors are far better substrates for GRKs
than peptide substrates derived from the same receptors, with
2–3 orders of magnitude improvement in Km and Vmax.
Moreover, peptide phosphorylation can be enhanced in the
presence of activated receptors (49). Such data strongly argue
that there is an allosteric receptor-docking site distinct from
the active site that, when occupied, helps to stabilize the ki-
nase in an active state. Each GRK consists of an N-terminal
helical element of �20 amino acids, followed by an RH (regu-
lator of G protein signaling homology) domain. A protein ki-
nase domain is inserted into a loop of the RH domain. Follow-

ing the RH domain is a variable C-terminal region that is
typically involved in membrane targeting (Fig. 1B). As in het-
erotrimeric G proteins, the membrane-binding domains of
GRKs facilitate but are not absolutely required for their func-
tion because GRKs can phosphorylate GPCRs in the absence
of these elements in vitro. The kinase domain of GRK is
closely related to that of PKA and therefore consists of small
and large lobes, followed by the “C-tail,” a meandering exten-
sion of the protein kinase fold that spans both lobes and con-
tributes residues to the active-site cavity (Fig. 1B). Functional
studies have identified residues in the N terminus, the small
lobe, the �D helix, and the C-tail of the kinase domain as be-
ing important for phosphorylation of activated GPCRs
(50–55).
Crystal structures representing each of the three vertebrate

GRK subfamilies have now been determined, including those
of GRK1, GRK2, and GRK6 (53, 56–58). However, with one
exception, the kinase domains in these structures adopt a rel-
atively open, inactive conformation that is not permissive for
phosphotransfer, even in cases in which the structures were
determined in complex with nucleotides or nucleotide ana-
logs. Furthermore, the functionally important N-terminal and
C-tail regions were either absent or poorly ordered, suggest-
ing that kinase domain closure and formation of the GPCR-
docking site are coupled events. In support of this model, the
central segment of the PKA C-tail, called the active-site

FIGURE 3. Hypothetical models of a heterotrimeric G protein and a GRK bound to an activated GPCR. The hydrophobic phase of the lipid bilayer is
indicated by the gray rectangle. A, the Ops*-G��� docking model suggests that, when activated receptors engage G��� subunits, there is likely a confor-
mational change in the heterotrimeric G protein and perhaps in the receptor. To create this model, the G��� structure shown in Fig. 1A was superimposed
on the G�CT peptide in complex with Ops* (Fig. 2C). The model on the left highlights the resulting collision of G�� and the N terminus of G� with the lipid
bilayer. IL2 of the receptor also collides with the �N-�1 and �2-�4 loops on the G� subunit. These collisions would be alleviated, at least in part, by rotation
of the bulk of the heterotrimer with respect to the �C helix by �60° (clockwise in this view), similar to that proposed previously (70). Collisions could also be
avoided if the �C helix were kinked upon receptor binding, but current data suggest that an intact �C helix is required for functional receptor interactions
(42, 43). The view on the right shows the receptor in the same orientation as Fig. 2C. B, GRK6 in an active conformation can be docked with Ops* without
significant steric overlap and in a manner that positions the C terminus (or an extended IL3 loop) of the GPCR in closed proximity to the active-site cleft of
the kinase domain (demarked by blue spheres) (53). To create this model, the side chains of outward-facing hydrophobic residues in the �N helix of GRK6
(Leu3, Ile6, and Val7) were superimposed on those of conserved hydrophobic positions in the G�CT peptide (Leu349, Cys347, and Leu344, respectively) bound
to Ops*. This model suggests that there may be additional interactions formed between H8 of the receptor and the kinase C-tail of the GRK (green).
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tether, becomes fully ordered only when the kinase domain
adopts a relatively closed, active conformation (59).
In a recently reported structure of GRK6, the kinase do-

main adopts a conformation that is expected to be close to its
fully active state (53). The N terminus is ordered, forming an
�4.5-turn helix (�N) that packs in a groove formed between
the small lobe and the ordered active-site tether of the kinase
domain (Fig. 1B). The residues that form the interfaces be-
tween �N and the kinase domain are highly conserved, and
alteration of these residues impairs both GPCR and peptide
phosphorylation, implying a role in stabilizing the active con-
formation of the kinase domain (52, 53, 55). A highly con-
served, hydrophobic patch of residues oriented away from the
kinase domain is found at the N-terminal end of �N. Muta-
tion of these residues decreases the catalytic efficiency of re-
ceptor but not peptide phosphorylation (33), consistent with
the idea that this patch is involved in direct interactions with
activated GPCRs. A relatively flat, positively charged region
immediately adjacent to �N (Fig. 1B) is well situated to bind
anionic phospholipid headgroups, as suggested previously by
functional studies of GRK5 (60).

A Similar Mechanism for the Recognition of Activated
GPCRs by G Proteins and GRKs?

Comparison of the G�CT peptide bound to Ops* and the
GRK6 N terminus suggests that both G� subunits and GRKs
utilize an amphipathic helix to form the primary interaction
with activated receptors, even though this helix has the oppo-
site polarity in each protein. Indeed, both the C-terminal helix
of G� and the �N helix of GRKs protrude from surfaces of
their respective domains that are anticipated to be in close
proximity to the cell membrane. A hypothetical GRK-GPCR
docking model can thus be generated by superimposing the
side chains of residues in the hydrophobic patch on the GRK6
�N helix with those of conserved hydrophobic residues in the
G�CT helix such that they similarly interact with the hydro-
phobic wall of the pocket in the activated GPCR (Fig. 3B). The
resulting model is satisfying due the lack of severe steric colli-
sions and because it places the proposed membrane-interact-
ing region of GRK6 (and of other GRKs) adjacent to the lipid
bilayer and the C terminus of Ops* in close proximity to the
active-site cleft of the kinase domain. However, there are a
number of ways one could dock the GRK6 structure on the
G�CT peptide,10 and thus, the exact details of this intermo-
lecular complex must await structural characterization.
Both G proteins and GRKs seem to require at least two dis-

crete interactions for efficient coupling to activated GPCRs
because, in either case, direct contacts with lipids are required
for optimal activity. In heterotrimeric G proteins, this lipid
dependence may play an important role in the GEF exchange
mechanism, as discussed above. In GRKs, there may be insuf-
ficient free energy from receptor binding alone to stabilize the
active state of the kinase. Thus, GRKs may identify activated

receptors by looking for an appropriately sized hydrophobic
pocket adrift in a sea of negatively charged lipid headgroups, a
topology that is complementary in shape and charge to the
active configuration of the kinase domain (62).

Future Directions

We now eagerly await atomic structures of heterotrimeric
G proteins, GRKs, and arrestins in complex with GPCRs. It is
likely that, in each complex, the receptor will adopt a distinct
conformation that is optimized to interact with each partner,
as is implied by the existence of biased ligands for GPCRs
(63–65). Structures of these complexes would provide valua-
ble mechanistic insights into how selectivity for heterotri-
meric G proteins is achieved and how the same extracellular
signal can be used to catalyze nucleotide exchange in one
family of proteins, stimulate kinase activity in another, and
facilitate high affinity receptor sequestration in a third.
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Protein S-palmitoylation, the reversible thioester linkage of
a 16-carbon palmitate lipid to an intracellular cysteine residue,
is rapidly emerging as a fundamental, dynamic, and wide-
spread post-translational mechanism to control the properties
and function of ligand- and voltage-gated ion channels. Palmi-
toylation controls multiple stages in the ion channel life cycle,
from maturation to trafficking and regulation. An emerging
concept is that palmitoylation is an important determinant of
channel regulation by other signaling pathways. The elucida-
tion of enzymes controlling palmitoylation and developments
in proteomics tools now promise to revolutionize our under-
standing of this fundamental post-translational mechanism in
regulating ion channel physiology.

Protein S-palmitoylation, the most common form of pro-
tein S-acylation identified over 30 years ago (1), involves the
addition of a 16-carbon chain palmitic acid, via a hydroxyl-
amine-sensitive thioester linkage, to intracellular cysteine
residues. Importantly, protein palmitoylation is a reversible
post-translational modification (Fig. 1a) and, unlike other
irreversible lipid modifications such as myristoylation and
prenylation, thus represents a dynamic mechanism to spatio-
temporally control protein function and interactions (for re-
views, see Refs. 2–10). Indeed, dysregulation of protein palmi-
toylation results in a number of major disorders, including
cancer, X-linked mental retardation, and schizophrenia (11–
17), emphasizing the importance of this post-translational
modification (PTM)2 in normal physiology and disease. Re-
cent advances in proteomics approaches to characterize pro-
tein palmitoylation and the identification of the enzymes that
control palmitoylation (palmitoyl acyltransferases and zDH-
HCs (zinc finger- and DHHC domain-containing proteins))
and depalmitoylation (palmitoyl thioesterases) have revealed
the central role of palmitoylation in controlling a diverse array
of proteins, including an ever-expanding number of ion chan-
nels (see Tables 1–3).

The addition of palmitic acid increases the hydrophobicity
of a protein and thus may affect ion channel function in mul-
tiple ways. Evidence suggests that protein S-palmitoylation
controls many stages in the life cycle of ion channels (Fig. 1b).

Palmitoylation-dependent Control of Ion Channels:
From Assembly to Regulation

A diverse array (�40) of pore-forming and regulatory sub-
units of ion channels have been experimentally identified as
being palmitoylated, ranging from the virally encoded M2
channel to voltage- and ligand-gated ion channels involved in
complex behaviors (Tables 1–3). Both surface expression and
intrinsic activity/regulation of ion channels can be controlled
by palmitoylation of cognate pore-forming and/or regulatory
subunits. Although the focus of this minireview is palmitoyla-
tion-dependent regulation of ion channel subunits per se, it is
important to consider that palmitoylation also controls many
adaptor and cell signaling proteins (for example, PSD-95,
AKAP18, G-proteins, etc. (5)) that control macromolecular
ion channel complexes.

Control of Channel Cell-surface Expression and Spatial
Organization

The surface expression of a channel is dependent upon the
delicate balance between channel synthesis, forward traffick-
ing to the membrane and subsequent internalization, recy-
cling, and degradation. Palmitoylation plays a significant role
in controlling channel cell-surface expression and clustering
by acting at distinct stages of the trafficking pathway. For sev-
eral channels, including voltage-gated sodium (Nav1.2) (18)
and potassium (Kv1.5) (19) channels, palmitoylation is
thought to occur very early in the biosynthetic pathway and to
regulate channel maturation/quality control. Indeed, palmi-
toylation regulates the formation of ligand-binding sites in
nicotinic acetylcholine receptors (20, 21). Palmitoylation of a
cluster of C-terminal cysteines in the pore-forming NR2A
subunit of NMDA receptors (22) and a cysteine residue juxta-
posed to the M2 membrane domain in the GluR1 subunit of
AMPA receptors (23) controls Golgi retention of the respec-
tive channel, whereas palmitoylation of the intracellular N-
terminal S0-S1 loop of large conductance calcium- and volt-
age-activated potassium (BK) channels modulates but is not
essential for cell-surface delivery (24). Palmitoylation also
controls the spatial organization of channels once at the
plasma membrane as illustrated by the formation of orthogo-
nal arrays of AQP4 (aquaporin-4) channels controlled by
palmitoylation of two C-terminal cysteine residues (25, 26),
whereas C-terminal palmitoylation promotes association of
P2X7 (P2X purinoceptor 7) receptors with cholesterol-rich
microdomains (“lipid rafts”) (27). Furthermore, synaptic clus-
tering of GABAA receptors is controlled by palmitoylation of
an intracellular loop of the �2 subunit (28). Agonist-induced
internalization of AMPA receptors is determined by palmi-
toylation of a single cysteine residue in GluR1 and GluR2 sub-
units, distinct from that controlling Golgi retention (23, 29,
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30). Palmitoylation also controls internalization of Kv1.5
channels, as palmitoylation-deficient Kv1.5 channels display a
reduced internalization rate with consequently higher surface
expression (19, 31).
Palmitoylation of regulatory subunits and adaptor proteins

is also an important determinant of channel surface delivery
and stability. For example, surface expression of the voltage-
gated potassium channel Kv4.3 is intimately controlled by
palmitoylation of the regulatory KChip2 and KChip3 subunits

(32), whereas NMDA and AMPA receptor trafficking is con-
trolled by palmitoylation of a number of scaffolding proteins
such as PSD-95 (33–35), Delphilin (36), and GRIP1b (37, 38).

Control of Channel Activity at the Plasma Membrane:
Cross-talk with Other PTMs

Relatively few studies have revealed the effects of palmitoy-
lation on the intrinsic activity and/or gating kinetics of ion chan-
nels. Palmitoylation of the voltage-sensitive potassium channel

FIGURE 1. Reversible protein palmitoylation and regulation of the ion channel life cycle. a, schematic illustrating reversible protein palmitoylation.
Palmitoylation is controlled by a family of acyl palmitoyltransferases (zDHHCs), and depalmitoylation is controlled by a limited number of thioesterases.
b, palmitoylation controls multiple steps in the life cycle of an ion channel that include assembly (step 1), maturation (step 2), control of Golgi exit/sorting
(step 3) and trafficking (step 4), insertion in the plasma membrane (step 5), clustering and localization in membrane microdomains (step 6), determination of
activity regulation by other signaling pathways (step 7), internalization (step 8), recycling (step 9), and degradation (step 10).

TABLE 1
Ligand gated-ion channels
Common channel abbreviations and subunit as well as gene names are given. “-ome” indicates that that subunit has also been identified in mammalian palmitoylome
screens (73, 75, 79, 85, 86). “candidate cysteine” indicates experimentally determined cysteine residues (shaded boxes) with flanking 10 amino acids. The predicted
membrane domain is underlined. Amino acid numbering corresponds to the NCBI murine accession number given for consistency. “Y” indicates that at least one
cysteine within the corresponding candidate cysteine sequence is predicted using the CSS-Palm 2.04 algorithm (67) at high threshold using the corresponding accession
number of the full-length murine channel-coding sequence (also validated for cognate species used in reference). “N” indicates that cysteines in the candidate sequence
are not predicted. An asterisk indicates that alternative cysteines are predicted in the coding sequence. “location” indicates the predicted location in the channel subunit.
“after” or “before” the membrane domain indicates palmitoylated cysteine within 10 amino acids of a membrane domain. nAChR, nicotinic acetylcholine.
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Kv1.1 (39), within the intracellular linker between transmem-
brane domains 2 and 3, increases the intrinsic voltage sensitivity
of the channel. Palmitoylation of the � subunit of epithelial so-
dium channels also affects channel gating (40), whereas the pal-
mitoylated regulatory �2a subunit of N-type calcium channels
controls voltage-dependent inactivation (41, 42).
In contrast, an emerging concept is that palmitoylation is

an important determinant of ion channel regulation by other
PTMs. Indeed, 15 years ago, palmitoylation of the GluR6 sub-
unit of kainate receptors was reported to reduce channel
phosphorylation by PKC (43). Similarly, palmitoylation inhib-
its PKC-mediated phosphorylation of the GluR1 subunit of
AMPA receptors, which is important for receptor insertion
(29). In both cases, the mechanism likely results from steric
hindrance, as the palmitoylated cysteine is immediately adja-
cent to the consensus phosphorylation site analogous to that
hypothesized for palmitoylation-dependent regulation of �2-
adrenergic receptor phosphorylation (44, 45). However,
palmitoylation can also promote channel phosphorylation.
Fyn-dependent tyrosine phosphorylation of the NR2A sub-
unit of NMDA receptors, at a site juxtaposed between the M4
membrane-spanning helix and a cluster of palmitoylated cys-
teine residues, is abrogated upon site-directed mutation of the
palmitoylated cysteines (22). This palmitoylation-dependent
enhancement of tyrosine phosphorylation inhibits internaliza-
tion of the NMDA receptor (22).
A novel mechanism for cross-talk between palmitoylation

and phosphorylation, through regulation of membrane associ-
ation of an intracellular channel domain, has been revealed in
BK channels (46). In this system, palmitoylation of a dicys-
teine motif in the alternatively spliced C-terminal STREX
(stress-regulated exon) insert promotes association of the
STREX domain with the plasma membrane. PKA-dependent
phosphorylation of a serine residue immediately upstream of
the palmitoylated cysteines results in dissociation of the
STREX domain from the plasma membrane, leading to chan-
nel inhibition. The reciprocal control of membrane associa-
tion of a protein domain by these PTMs likely represents a
common mechanism in other signaling proteins. For example,
the PDE10A (phosphodiesterase 10A) splice variant is tar-
geted to the plasma membrane via palmitoylation of an alter-
natively spliced N-terminal insert. PKA phosphorylation of
the spliced insert, adjacent to the palmitoylated cysteine resi-
due, results in dissociation of the PDE10A variant from the
plasma membrane (47).
Palmitoylation also determines regulation by other signal-

ing pathways. G-protein (Gq)-mediated stimulation of N-type
calcium channels is conferred by the palmitoylated N termi-
nus of the regulatory �2a subunit splice variant acting as a
steric inhibitor of an arachidonic acid-binding domain (48–
50). In the presence of non-palmitoylated regulatory � sub-
units, Gq-mediated signaling, via arachidonic acid, inhibits
calcium channel activity. A potentially important but as yet
unexplored mechanism for cross-talk is palmitoylation-de-
pendent control of cysteine reactivity per se upon thioester
addition of palmitate to a target cysteine. Indeed, cysteine
residues often form disulfide cross-bridges, or their free sulf-
hydryl groups are targets for both redox as well as S-nitrosyla-

tion pathways, all of which are important ion channel
regulators.

Location of Palmitoylated Cysteine Is Important for Function

The functional effect of palmitoylation is dependent on
both the channel type and the location of the palmitoylated
cysteine residue within a given channel subunit. In both li-
gand-gated (e.g. AMPA and NMDA) and voltage-gated (e.g.
BK) channels, palmitoylation of discrete sites on the same
channel subunit can exert fundamentally distinct effects. For
example, palmitoylation of the C-terminal cluster of cysteine
residues in NR2A and NR2B controls Golgi retention,
whereas palmitoylation of the cysteine cluster proximal to the
M4 transmembrane domain controls channel internalization
(22). In BK channels, palmitoylation of the N-terminal intra-
cellular S0-S1 linker controls surface expression (24), whereas
inclusion of an alternatively spliced insert (STREX) in the cy-
tosolic C terminus determines channel regulation by PKA-de-
pendent phosphorylation (46). Such data raise several funda-
mental questions regarding both the mechanistic basis for
regulation of channel properties by palmitoylation and how
distinct sites on the same protein may be differentially
palmitoylated.
Mechanistically, it is generally assumed that palmitoylation

facilitates membrane association. However, although exploi-
tation of fluorescent fusion proteins encoding the entire cyto-
solic C terminus of BK channels supports such a mechanism
(46), direct experimental evidence is lacking for most chan-
nels. Importantly, the addition of palmitic acid can modify
protein hydrophobicity. Thus, palmitoylation may also con-
trol structural conformation, as well as protein-protein inter-
actions, independently of membrane association especially
where the palmitoylated cysteine is juxtaposed to a membrane
domain (2–10). Little is known about which of the potential
palmitoyl acyltransferases (gene family zDHHC) control ion
channel palmitoylation, although analysis of both NMDA (22)
and BK (51) channels has suggested that distinct palmitoy-
lated domains on the same polypeptide can be regulated by
different zDHHCs.

Mechanisms Controlling and Tools Available to
Investigate Ion Channel Palmitoylation

It has been more than 20 years since the first palmitoylated
ion channels were discovered (18, 52). The recent develop-
ment of new bioinformatics and proteomics tools, together
with the identification of zDHHCs, is starting to revolutionize
our understanding of ion channel palmitoylation.

Identification of Palmitoyl Acyltransferases and Acyl
Thioesterases

Although autoacylation of some cysteine-containing pep-
tides/proteins in the presence of palmitoyl-CoA has been re-
ported (9), the recent discovery of a large family (at least 23
members in mammals) of candidate palmitoyl acyltrans-
ferases suggests that protein palmitoylation is predominantly
an enzymatic process from yeast to man (2, 3, 5–10). These
predicted transmembrane zinc finger-containing proteins
include a conserved Asp-His-His-Cys (DHHC) signature se-
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quence within a cysteine-rich stretch of �50 amino acids that
is critical for catalytic activity (53), with palmitoylation pro-
ceeding via a two-step mechanism (54). Although no “consen-
sus” motif for protein palmitoylation has been identified, in-
creasing evidence suggests that zDHHCs can display substrate
specificity for proteins, including ion channels (22, 55), al-
though the mechanisms involved are poorly characterized. In
this regard, although many zDHHCs are thought to be local-
ized to the endoplasmic reticulum/Golgi, largely based on
overexpression studies, the subcellular localization of both
native zDHHCs and ion channel palmitoylation is poorly
characterized. Cysteine palmitoylation is dependent on three
main factors: (i) the local concentration of fatty acyl-CoA that
can be increased near hydrophobic environments (56), (ii)
localization with the zDHHCs found on membranes (5, 53),
and (iii) cysteine reactivity that can typically be enhanced by
proximity to basic or hydrophobic residues (56–58). Thus, an
initial membrane association signal is likely required to allow
efficient palmitoylation. In �30% of identified channel sub-
units, the palmitoylated cysteine is within 10 amino acids of a
membrane domain (Tables 1 and 2). However, in the majority
of channels, this is not the case, suggesting that additional
initiating membrane association signals are required adjacent
to the site of palmitoylation. Likely candidates include regions
of basic charge (59), observed in �30% of palmitoylated chan-
nels such as the STREX variant of the BK channel (46), hydro-
phobic domains, and other lipid anchors.
The regulation of zDHHC activity is poorly character-

ized. Activity-dependent redistribution of zDHHC2 in neu-

rons (60) controls palmitoylation of the postsynaptic scaf-
folding protein PSD-95, regulating NMDA receptor
function. Furthermore, zDHHCs express a range of pro-
tein-protein interaction domains and potential sites for
PTMs, including phosphorylation and palmitoylation, sug-
gesting multiple mechanisms for zDHHC regulation (5).
Intriguingly, as ion channels themselves determine cellular
excitability, this may provide a local feedbackmechanism to reg-
ulate palmitoylation status. zDHHCs are also reported to assem-
ble selectively with a number of ion channels, including GABAA
(61) and BK (51) channels, suggesting that channels and palmi-
toylating enzymesmay exist within multimolecular signaling
complexes.
To date, enzymes responsible for depalmitoylation of ion

channels, as for most other palmitoylated membrane pro-
teins, have not been clearly defined. The cytosolic protein
APT1 (acyl-protein thioesterase-1) (62, 63) and the re-
cently characterized protein APT2 (64), as well as PPT1
(palmitoyl-protein thioesterase-1) and PPT2, are likely
candidates. However, PPT1 is expressed predominantly in
lysosomes (65) and is thus most likely responsible for de-
palmitoylation of channels undergoing degradation. The
development of specific APT1 inhibitors (66) should begin
to reveal insights into the role of depalmitoylation in con-
trolling ion channels.

Palmitoylation Site Prediction

In contrast to many PTMs, no canonical consensus site for
protein palmitoylation has been characterized. However, sev-

TABLE 2
Voltage-gated and other ion channels
Common channel names and subunit as well as gene names are given. “-ome” indicates that that subunit has also been identified in mammalian palmitoylome screens
(73, 75, 79, 85, 86). “candidate cysteine” indicates experimentally determined cysteine residues (shaded boxes) with flanking 10 amino acids. The predicted
transmembrane domain is underlined. Amino acid numbering corresponds to the NCBI murine accession number given for consistency. “Y” indicates that at least one
cysteine within the corresponding candidate cysteine sequence is predicted using the CSS-Palm 2.04 algorithm (67) at high threshold using the corresponding accession
number of the full-length murine channel-coding sequence (also validated for cognate species used in reference). “N” indicates that cysteines in the candidate sequence
are not predicted. An asterisk indicates that alternative cysteines are predicted in the coding sequence. “location” indicates the predicted location in the channel subunit.
“after” or “before” the membrane domain (S or M) indicates palmitoylated cysteine within 10 amino acids of a membrane domain. SV, splice variant.
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eral recent freely available predictive tools have proved suc-
cessful in characterizing potential new palmitoylation targets
(e.g. Refs. 67 and 68). For example, the multi-platform CSS-
Palm 2.0 tool (67) exploits a clustering and scoring strategy by
comparing the surrounding amino acid sequence similarity
with that of a set of �340 experimentally determined palmi-
toylation sites. CSS-Palm predicts �75% of the experimen-
tally identified ion channel palmitoylation sites (Tables 1–3)
and suggests that �50% of human channel subunits may be
palmitoylated.3 Recent advances in biochemical analysis of
palmitoylation should facilitate testing of this latter
prediction.

Biochemical Identification of Protein Palmitoylation

Metabolic Labeling (Palmitate-centric Assays)—Tradition-
ally, protein palmitoylation has been characterized using met-
abolic labeling of cells with radioactive palmitate (e.g.
[3H]palmitate) and subsequent immunoprecipitation and
identification of candidate proteins by autoradiography/fluo-
rography. However, this approach typically requires extensive
(several weeks) exposure of autoradiographs and is not readily
amenable for global analysis to enrich and identify palmitoy-
lated proteins (7, 69, 70). The recent development of
biorthogonal lipid probes (for review, see Ref. 7), modified
fatty acids with reactive groups such as an azide or alkyne
group, allows labeled proteins to be conjugated to biotin or

fluorophores via the azide or alkyne group using Staudinger
ligation or “click” chemistry. In particular, the development of
a family of �-alkynyl fatty acid probes of different chain
lengths (such as Alk-C16 and Alk-C18) has been exploited for
proteomics profiling or cellular imaging and has identified
candidate palmitoylated channels in a number of mammalian
cell lines (71–75). Although such metabolic labeling ap-
proaches are most suited to analysis of isolated cells rather
than tissues, they can provide information on dynamic palmi-
toylation of proteins during the labeling period.
Cysteine Accessibility Assays (Cysteine-centric Assays) and

Acyl-biotin Exchange (ABE)—By coupling hydroxylamine
cleavage (at neutral pH) of the cysteine-palmitoyl thioester
linkage with subsequent labeling of the newly exposed cysteine
thiol with cysteine-reactive biotin groups (such as 1-biotin-
amido-4-(4�-(maleimidoethylcyclohexane)carboxamido)-
butane or N-(6-(biotinamido)hexyl)-3�-(2�-pyridyldithio)-
propionamide), S-acylated proteins can be specifically labeled
with biotin and can thus be purified and subsequently identi-
fied by mass spectrometry (69, 76–78). This unique approach
allows S-acylation of native endogenous proteins to be
assayed without the requirement for prior cell isolation and
metabolic labeling. The ABE approach has been exploited to
determine the “palmitoylome” in a number of species (78, 79),
although it must be remembered that it detects S-acylation
and does not define palmitoylation per se. In particular, analy-
sis of rat brain identified both previously characterized as well
as novel palmitoylated ion channels (Tables 1–3). The ABE
approach determines the net amount of pre-existing S-acy-
lated proteins; however, caution is required to eliminate false
positives, in particular, the requirement to fully block all reac-
tive cysteines prior to hydroxylamine cleavage. A recent
development of this approach, exploiting resin-assisted cap-
ture using thiopropyl-Sepharose instead of biotin analogs, has
been reported to improve detection of higher molecular
weight palmitoylated proteins (80) and thus may prove valua-
ble for ion channel analysis.
The metabolic labeling and ABE methodologies are thus

complementary, and exploitation of these approaches should
provide very significant insight into the role and regulation of
ion channel palmitoylation. However, it is important to note
that palmitic acid can also be incorporated into free N-termi-
nal cysteines of proteins via an amide linkage (N-palmitoyla-
tion) or the addition of the monounsaturated palmitoleic acid
via an oxyester linkage to a serine residue (7, 9). Furthermore,
although these modifications can be discriminated by their
insensitivity to hydroxylamine cleavage of the S-palmitoyla-
tion thioester linkage, other S-linked fatty acids such as
arachidonic, oleate, and stearic acids have also been reported
(7, 9). Thus, whether other S-linked fatty acids and/or N- or
O-linked palmitoylation controls ion channel function re-
mains to be explored. In most cases, candidate palmitoylated
cysteine residues have been characterized using mutagenic
strategies combined with ABE or [3H]palmitate incorporation
assays to screen for loss of palmitoylation. As such, direct bio-
chemical demonstration of native cysteine palmitoylation (e.g.
using mass spectrometry) is lacking in most ion channels (and
other proteins).3 M. J. Shipston, unpublished data.

TABLE 3
Other channels identified in mammalian palmitoylome screens
The channels listed were identified in S-acylation screens from rat brain (79),
Jurkat cells (73, 85), dendritic cells (75), and prostate cancer cells (86) and are not
independently characterized as in Tables 1 and 2. Common channel and gene
names are given. Y indicates that at least one cysteine is predicted with the CSS-
Palm 2.04 algorithm (67) at high threshold using the corresponding NCBI
accession number of the full-length murine channel-coding sequence (also
validated for cognate species used in reference). N indicates that cysteines in the
coding region are not predicted.

Channel Gene CSS-Palm Accession no.

Anion
Chloride channel 6 Clcn6 Y NM_008166
Chloride intracellular channel 1 Clic1 N NM_033444
Chloride intracellular channel 4 Clic4 N NM_013885
Tweety homolog 1 Ttyh1 Y NM_001001454
Tweety homolog 3 Ttyh3 Y NM_175274
Voltage-dependent anion channel 1 Vdac1 N NM_011694
Voltage-dependent anion channel 2 Vdac2 Y NM_011695
Voltage-dependent anion channel 3 Vdac3 Y NM_001198998

Calcium
Voltage-dependent, gamma subunit 8 Cacng8 Y NM_133190

Cation
Amiloride-sensitive cation channel 2 Accn2 Y NM_009597

Glutamate
Ionotropic, delta 1 Grid1 Y NM_008166

Perforin
Perforin-1 Prf1 Y NM_011073

Potassium
Voltage-gated channel, subfamily Q,

member 2
Kcnq2 Y NM_010611

Sodium
Voltage-gated, type I, alpha Scn1a Y NM_018733
Voltage-gated, type III, alpha Scn3a Y NM_018732
Voltage-gated, type IX, alpha Scn9a Y NM_018852

Transient receptor potential
Cation channel, subfamily V, member 2 Trpv2 N NM_011706
Cation channel, subfamily M, member 7 Trpm7 Y NM_021450
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Genetic Manipulation of zDHHCs and Thioesterases

With the identification of the family of palmitoyl acyltrans-
ferases, genetic tools have been exploited to identify candidate
zDHHCs that control channel palmitoylation and function.
To date, most studies have exploited overexpression of candi-
date zDHHCs and analyzed increases in [3H]palmitate incor-
poration to define zDHHC channel specificity (e.g. see Refs.
22, 23, and 28). Although this is a powerful approach, caution
is required to determine whether this in fact replicates endog-
enous regulation. For example, overexpression of some
zDHHCs results in palmitoylation of a cysteine residue not
endogenously palmitoylated in BK channels when expressed
in HEK293 cells (51). Few studies have exploited knockdown
of endogenous zDHHCs to interrogate palmitoylation of ion
channels by native zDHHCs, although such an approach al-
lowed the first systematic characterization of zDHHCs re-
quired for palmitoylation of any ion channel (51). This ap-
proach revealed that multiple distinct zDHHCs control
palmitoylation of the BK channel C terminus. As some
zDHHCs are themselves palmitoylated, the functional ef-
fect of overexpressing or knocking down individual
zDHHCs on the localization and activity of other zDHHCs
needs to be determined. Furthermore, as many signaling
and cytoskeletal elements are controlled by palmitoylation,
direct effects on channel palmitoylation per se need to be
evaluated.

Pharmacological Manipulation of Palmitoylation

The most widely employed S-acylation inhibitor for cellular
studies is the palmitate analog 2-bromopalmitate (81). How-
ever, 2-bromopalmitate does not display selectivity toward
specific zDHHC proteins (82), and at high concentrations,
this compound has many pleiotropic effects on cells, includ-
ing cytotoxicity (81). Other less commonly used inhibitors
include cerulenin and tunicamycin; however, cerulenin affects
many aspects of lipid metabolism (81), and tunicamycin is an
established inhibitor of N-linked glycosylation (81). There are
no known specific activators of zDHHCs. In contrast to the
lack of pharmacological tools for zDHHCs, small molecule
inhibitors of the major cytosolic acyl thioesterase APT1 (66)
have been developed, although, to date, these have not been
exploited to interrogate ion channel depalmitoylation.
Clearly, a major goal for the field is to identify novel S-acyla-
tion inhibitors that display both specificity and zDHHC selec-
tivity (76, 82, 83).

Conclusions and Perspectives

The last 5 years have seen a major resurgence in the protein
palmitoylation field due, in large part, to the development of
new proteomics tools and characterization of the major
palmitoylating enzymes. To date, �40 different ion channel
subunits have been shown experimentally to be S-acylated,
and the development of new tools is now beginning to reveal
both mechanistic and functional insights into the effect
palmitoylation exerts on these important signaling molecules.
Although it is fully expected that the ion channel palmitoy-

lation “catalog” will grow significantly in the next few years,
the goal of the field must be to develop fundamental under-

standing of the mechanistic role of palmitoylation in control-
ling diverse aspects of ion channel properties and function.
Furthermore, a major goal is to elucidate the physiological
consequence of ion channel palmitoylation from the single
channel to body systems level. Several major challenges and
questions must be addressed if we are to tackle these aims,
elucidation of which will have major impacts on both the ion
channel and wider signaling fields.
The first challenge is the development of improved tools to

allow real-time analysis of the palmitoylation status of ion
channels and analysis of channel palmitoylation from the sin-
gle molecule to cellular and tissue function. This includes the
development of selective inhibitors (76, 82, 83) and/or activa-
tors of zDHHCs combined with improved proteomics tools
(e.g. palmitoylation-specific antibodies) and imaging probes.
Second, although palmitoylation is widely accepted to be re-
versible, the spatiotemporal regulation of palmitoylation on
any channel is very poorly understood. Imperative in this re-
gard is understanding the physiological and pathological sig-
nals that can regulate the activity and localization of the
palmitoylating and depalmitoylating enzymes. Furthermore,
mechanistic insight into the target selectivity of zDHHCs will
allow us to understand the coordinated regulation of ion
channels by palmitoylation signaling cascades and to decipher
how distinct domains on the same channel may be differen-
tially regulated by palmitoylation. Third, for most ion chan-
nels, the mechanism by which palmitoylation modifies traf-
ficking, gating, or regulation is unknown, although it is widely
assumed that effects are determined by a simple “membrane
anchor” model. Obtaining structural insights into how palmi-
toylation controls protein architecture, interactions, and
properties will be a major challenge. Fourth, as with any PTM,
palmitoylation cannot be considered in isolation. Clear evi-
dence from the ion channel field demonstrates significant
levels of functional cross-talk of palmitoylation with other
major signaling pathways, including phosphorylation. Mecha-
nistic insight into the fundamental rules controlling palmitoy-
lation cross-talk will have an enormous impact far beyond the
realms of ion channel biology. Finally, although an increasing
number of ion channels are known to be regulated by palmi-
toylation, very little is known about the functional conse-
quence at the cellular and organismal levels. Although it is
clear that disruption of palmitoylation can lead to major dis-
orders, ranging from cancer to affective disorders, the impor-
tance of ion channel palmitoylation in (patho)physiology is
largely unexplored. For example, will we begin to uncover
channel “palmitoylopathies” that result from dysregulation of
ion channel palmitoylation analogous to channel phosphory-
lopathies (84) that have been discovered? Understanding the
control and functional consequence of ion channel palmitoy-
lation from the level of the single channel to the whole orga-
nism may lead to novel therapeutic strategies to control di-
verse physiological processes. The next few years represent a
challenging and exciting time that promises to reveal funda-
mental new insights into both ion channel physiology and
protein palmitoylation.
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The cardiac muscle cell contains bundles of myofilaments
that have distinct repeating structures, sarcomeres, which rep-
resent the basic contractile units. The sarcomere is the region of
myofilament structures between two Z-disks with interdigitat-
ing thick myosin and thin actin filaments. Cyclic elevations of
intracellular Ca2� concentrations with each heartbeat rapidly
activate contraction and lead to myosin cross-bridges binding
to actin filaments (1). Contraction occurs when myosin cross-
bridges exert force on actin filamentswithATPhydrolysis. This
force causes the thin filament to slide past the thick filament
and allows the muscle to shorten and to develop force.
The minireviews in this thematic series focus on the con-

cept that an important aspect of regulation of the dynamics
of the heartbeat is the prominent role played by mechanisms
at the level of cardiac sarcomeric proteins. These mecha-
nisms include post-translational modifications induced by
participation of the sarcomeric proteins in signaling cas-
cades well known to affect the activity of channels, trans-
porters, and exchangers. Recent experiments employing
high-level proteomics, transgenesis, and ablation in mouse
models have demonstrated the significance of post-transla-
tional modifications in the integrated control of cardiac
dynamics. These approaches also defined control of sarcom-
ere activity downstream of transient changes in intracellular
Ca2� as critical to the dynamics of the heartbeat. Thus, this
series provides updated information on the state and direc-
tions of this field with regard to normal function of the heart.
The relatively recent and emerging evidence of significant

associations of modification in sarcomeric proteins as causal in
cardiac remodeling, heart failure, and sudden death forms a
second rationale. Identification of mutations of sarcomeric
proteins as the most common link to familial hypertrophic and
dilated cardiomyopathies greatly increased the appreciation
that sarcomeric function is critical not only in beat-to-beat con-
trol mechanisms but also in signaling of maladaptive growth
and altered electrical activity and energy turnover. The idea
that specificmutations in sarcomeric proteins are causal in pro-
moting these maladaptations strongly indicates that modifica-
tion in sarcomeric proteins associated with acquired cardiac
diseases also may be causal in common forms of heart failure.
In the first minireview, Derk Frank and Norbert Frey of the

University of Kiel in Germany consider the exciting and rapidly
changing understanding of the Z-disk protein network, which

houses kinases, phosphatases, and transcription factors, as a
nodal point in transducing mechanical and chemical signals in
the modulation of function and transcription.
Martina Krüger and Wolfgang Linke of Ruhr University

Bochum in Germany continue the novel idea of the sarcomere
as an integrator of cellular signaling with a focus on titin.
Emphasis is on emerging evidence that titin is a substrate for
multiple kinases and is uniquely suited to participate in mech-
anochemical signaling.
Jeanne James and Jeffrey Robbins of the Cincinnati Chil-

dren’s Hospital Medical Center move from the discovery of
myosin-binding protein C to novel perspectives on its struc-
ture and function, including mutations causing familial
hypertrophic cardiomyopathy.
The minireview by Marius Sumandea of the University of

Kentucky and Susan Steinberg of the Columbia University Col-
lege of Physicians and Surgeons focuses on redox signaling and
cardiac sarcomeres. Direct oxidation of sarcomeric proteins by
reactive oxygen species is an important modifier of response to
Ca2�, but the new focus here is on signaling enzymes that are
affected by reactive oxygen species and that control cardiac
contractility indirectly through altered phosphorylations.
Andrea Portbury, Monte Willis, and Cam Patterson of the

University of North Carolina at Chapel Hill School ofMedicine
consider the newly appreciated topic of control of sarcomeric
protein quality. This minireview focuses on three major path-
ways of proteolysis and considers novel concepts of the coop-
eration among these pathways.
John Solaro and Tomoyoshi Kobayashi of the University of

Illinois at Chicago discuss troponin I and troponin T phosphor-
ylation, with insights into molecular mechanisms of their role
in cardiac function and signaling with novel perspectives of
their role in the heart.
Kristine Kamm and James Stull of the University of Texas

Southwestern Medical Center at Dallas discuss new and excit-
ing aspects of signaling to myosin light chain 2, which was
among the first sarcomeric proteins determined to be a sub-
strate for a kinase. This minireview demonstrates new and
important aspects of functional significance and enzymes con-
trolling phosphorylation.
A major objective of these updates on this emerging and sig-

nificant area of research is to identify new diagnostic and ther-
apeutic strategies guided by our understanding of the role of
sarcomeric proteins in cardiac disorders.
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During the last 15 years, the perception of the cardiac z-disc
has undergone substantial changes. Initially viewed as a struc-
tural component at the lateral boundaries of the sarcomere, the
cardiac z-disc has increasingly become recognized as a nodal
point in cardiomyocyte signal transduction and disease. This
minireview thus focuses on novel components and recent devel-
opments in z-disc biology and their role in cardiac signaling and
disease.

Overview

Anatomy

The z-discs (z-lines, z-bands) are the lateral boundaries of the
basal contractile unit of the myocyte, the sarcomere. Three of
the four filament systems of the sarcomere, filamentous F-ac-
tin, titin, and nebulin/nebulette, interact with z-disc structures
(reviewed in Ref. 1). Only the myosin-based thick filaments do
not directly interact with the z-disc (a schematic drawing of a
sarcomere is shown in Fig. 1). The z-discs of individual sarcom-
eres are aligned in parallel and connected by the intermediate
filament desmin, thereby providing a link to the intermediate
filaments. In addition, costameres (Latin, costa, rib; Greek,
meros, part), which consist of peripheral z-disc and subsar-
colemmal proteins, ensure force transmission from the sar-
comere to the sarcolemma (reviewed in Ref. 2).
The backbone of the z-disc consists of layers of �-actinin

aligned in an antiparallel fashion (Fig. 2). The amount of �-ac-
tinin layers (each measuring �19 nm) thereby determines the
width of the z-disc, which in cardiac and slow skeletal muscle is
typically 100–140 nm, whereas fast white muscle fibers have
narrower z-discs of 30–50 nm (3). �-Actinin cross-links the
interdigitating barbed ends of the thin filament F-actin of adja-
cent sarcomeres (3). Although several excellent reviews have
been written on z-disc structure (1, 3), we focus here on the
emerging role of the sarcomeric z-disc as a nodal point and hub
of cardiomyocyte signaling.

Signaling

This dual role of the z-disc places it in an ideal position to
sense, integrate, and transduce biomechanical stress signals.

Specifically, multiple upstream signals from the sarcomere as
well as the membrane converge on the z-disc. Likewise, several
components of downstream signaling, including bona fide sig-
naling molecules such as kinases and phosphatases (including
the phosphatase calcineurin and protein kinases like PKC) and
their positive and negative modulators, are localized at or in
immediate proximity of the z-disc. Moreover, several z-disc
molecules share the ability to shuttle to the nucleus, where they
can act as transcriptional co-modulators.

Mechanotransduction and Hypertrophy

An important component of cardiac signaling is a process
termed mechanotransduction, which describes how mechani-
cal stress is sensed by the cardiac myocyte and translated into a
transcriptional response (4). Biomechanical stress is one of the
most important stimuli leading to cardiac hypertrophy. More-
over, sustained pressure and/or volume overload ultimately
leads to congestive heart failure, arrhythmias, and sudden car-
diac death. Z-disc-associated proteins appear to play a critical
role in this process (reviewed in Refs. 5–8). Several mouse
knock-out studies of z-disc proteins, including muscle LIM
protein (MLP)2 (9), calsarcin-1 (10), and the costameric protein
melusin (11), revealed an indispensable role for thesemolecules
in the adaptation to increased cardiac stress.

Molecular Architecture of Z-disc Proteins

Despite the fact that z-disc proteins are hallmarked by a
remarkable heterogeneity, some molecular domains appear to
be overrepresented. In particular,much attention has been paid
to LIM proteins (originally described in the LIM proteins LIN-
11, Isl1m, and MEC-3). LIM domains are tandem zinc finger
structures that consist of the cysteine-rich consensus sequence
CX2CX16–23HX2CX2CX2CX16–21CX2(C/H/D) (12) and that
are known tomediate diverse protein-protein interactions (13).
At least 10 LIM domain-containing proteins have been
reported to localize to the z-disc (zyxin, Lmcd1 (LIM and cys-
teine-rich domains-1)/dyxin, MLP (CSRP3), ALP, Cypher/
ZASP/Oracle, ENH (Enigma-like homolog), Enigma, CLP36/
Elfin/CLIM1, ABLim, and the FHL family (which is also known
to localize to the I-band (5)). As several LIM domain proteins
have been shown to shuttle to the nucleus, they are attractive
candidates to provide a connection between stretch sensing at
the level of the sarcomere and signaling modules leading to
transcriptional changes and cardiomyocyte growth.
Another important domain present at the z-disc is the PDZ

domain (postsynaptic density 95, discs large, and zonula occlu-
dens-1). PDZ domains are protein-protein interactionmodules
that can mediate multiple biological processes such as vesicle
transport, ion channel signaling, and signal transduction in sev-
eral tissues (14). Interestingly, several proteins at the z-disc
share both PDZ and LIM domains (recently reviewed by Zheng
et al. (15)). Again, at least five of the 10 known PDZ-LIM pro-

* This work was supported by a grant from the Bundesministerium für Bil-
dung und Forschung (Nationales Genomforschungsnetz NGFNplus; to
N. F.) and by a grant from the Hengstberger Stiftung/German Society of
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teins localize to the z-disc (including Enigma, ENH, Cypher/
ZASP/Oracle, CLP36, and ALP). Recently, van Nandelstadh et
al. (16) proposed a new PDZ type III domain in proteins of the
myotilin family (includingmyotilin, palladin, andmyopalladin)
and the calsarcin/FATZ/myozenin family that mediates the
interaction of both families with proteins of the Enigma family.
In conclusion, many z-disc proteins share “sticky” domains.

These molecules mediate multiple protein-protein interac-
tions, thereby playing a major role in integrating structure and
signaling in this complex three-dimensional network.

Role of the Z-disc in Pathogenesis of Primary
Cardiomyopathies

Given the importance of z-disc components in mechano-
transduction and modulation of hypertrophic cardiac growth,
it is not surprising that z-disc proteins have increasingly been
shown to be causally involved in the pathogenesis of primary
cardiomyopathies (for review, see Ref. 17). Our group (18) and
others have shown that up to 35% of patients suffering from
dilated cardiomyopathy (DCM) have relatives with reduced
cardiac contractility and/or left ventricular dilation, suggesting
that a substantial amount of dilated cardiomyopathiesmight be
caused by inherited gene mutations. In contrast to hyper-
trophic cardiomyopathy, which is often termed a “disease of the
sarcomere” because nearly all known mutations are located in

sarcomeric proteins (reviewed in Ref. 19), DCM-causingmuta-
tions are more heterogeneous. DCM-associated proteins
include sarcolemmal proteins, proteins of the nuclear mem-
brane, or proteins implicated in calcium metabolism but also a
steadily growing number of z-disc proteins. These DCM-asso-
ciated z-disc proteins include Cypher/ZASP/Oracle (20), MLP
(9), calsarcin,3 T-cap (telethonin cap)/telethonin (21), �-ac-
tinin-2 (22), myopalladin (23), myotilin (24), nexilin (25), and
titin (26). Interestingly, mutations in several z-disc proteins can
also cause hypertrophic cardiomyopathy, including MLP (27),
calsarcin (28), T-cap/telethonin (21), and titin (29).
The z-disc integrates structural and signalingmolecules, and

mutations in either component can lead to severe functional
failure, resulting in cardiac disease. We will thus highlight
below a selected subset of important molecules involved in
z-disc signaling.

Upstream Signaling Targeting the Cardiac Z-disc

The z-disc is structurally linked to the sarcolemma via the
costameres, which circumferentially surround the z-disc (2).
The costameres are in many regards analogous to focal adhe-
sions in other cell types (30). Several costameric proteins

3 D. Frank and N. Frey, unpublished data.

FIGURE 1. EM photography and schematic overview of the cardiac sarcomere. The z-discs represent the lateral boundary of the sarcomere. The F-actin-
containing thin filaments anchor at the z-disc and interdigitate with the myosin-containing thick filaments at the level of the A-band. Costameric proteins
ensure lateral force transduction and linkage to the sarcolemma and its associated protein complexes.
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directly interact with z-disc molecules and thus may mediate
upstream signals.

Desmin

Desmin is themajor intermediate filament in cardiacmuscle,
accounting for�2% of cardiac protein content. It mechanically
links the z-discs to the costameres (31).Desmin is characterized
by numerous protein-protein interactions ensuring cellular
integrity, force transmission, and biomechanical signaling
(reviewed in Ref. 32). Given this crucial localization, it is not
surprising that desmin knock-out mice develop a multisystem
disorder involving cardiac, skeletal, and smooth muscle, with

the most prominent pathological processes appearing in the
heart, displaying severe cardiomyopathy accompanied by
extensive fibrosis and calcification (33). Consistently, up to
now, at least 45 mutations in the desmin gene have been iden-
tified that lead to a skeletal and cardiac myopathy termed
desminopathy (recently reviewed in Ref. 32).

Integrins

Integrins are important transmembrane proteins located at
the periphery of the costamere, linking the contractile appara-
tus to the extracellular matrix, thereby playing an essential role
in mechanotransduction (for review, see Ref. 34). Mechanical

FIGURE 2. Signaling molecules localizing to the cardiac z-disc. Shown is a schematic depiction of a cardiac z-disc and its adjacent structures involved in
signaling, including sarcolemmal and nuclear structures. GPCR, G-protein-coupled receptor; At1R, angiotensin II type 1 receptor; SR, sarcoplasmic reticulum.
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deformation of integrins is thought to be one of the most
important upstream steps in sensing of mechanical stress (35).
Integrins are heterodimers consisting of an �- and a �-subunit
without any enzymatic activity. Hence, their cytoplasmic
domains mediate numerous protein-protein interactions. The
interacting signaling molecules include integrin-linked kinase
(ILK) and melusin (see below).

ILK

ILK is a widely expressed serine/threonine kinase that binds
to the C terminus of �1-integrin (36). ILK links extracellular
matrix interactions to cellular processes such as remodeling of
cytoskeletal proteins, growth, proliferation, survival, and differ-
entiation (reviewed in Ref. 30). It binds to �-actinin via
�-parvin/affixin and forms a complex with PINCH and thymo-
sin �4 (for review, see Ref. 30). It has been shown to phospho-
rylate myosin light chain, GSK-3� (glycogen synthase kinase-
3�), and AKT/PKB (37). Several genetic loss-of-function
studies in flies, worms, and mice have revealed embryonic
death due to cell adhesion and cytoskeletal defects (reviewed in
Ref. 30). The conditional cardiac knock-out in mice leads to
DCM and sudden cardiac death (38). Bendig et al. (39) applied
a forward genetic screen in zebrafish and identified an L308P
mutation in the zILK gene causing progressive loss of contrac-
tility in zebrafish hearts. This mutation disrupted the interac-
tion with �-parvin/affixin, suggesting that its presence is essen-
tial for normal cardiac function and potentially cardiac stress
sensing (39). Likewise, in another zebrafish study, a nonsense
mutation (Y319X) led to a dysmorphic ventricle with reduced
cardiac function combined with severe endothelial defects,
similar to alterations observed in mice lacking the integrin-
binding extracellular matrix protein laminin �4 (40). Cardiac-
restricted overexpression of ILK induces cardiac hypertrophy
via activation of ERK and p38 MAPK, hence suggesting ILK to
be a proximal prohypertrophic signaling activator (41).

Melusin

Melusin has been identified as an integrin-interacting pro-
tein in a yeast two-hybrid experiment using the �1A- and �1D-
integrin subunits as bait (42). Mice with a homozygous genetic
deletion of melusin showed no pathological phenotype at base-
line conditions, butwhen subjected to biomechanical stress due
to aortic banding, the animals developed DCM and contractile
dysfunction. At the molecular level, phosphorylation of
GSK-3� was blunted, although the precise mechanism remains
elusive (11). The functional deterioration did not occur when
prohypertrophic stimuli (low dose angiotensin-2 or phenyleph-
rine infusion without an increase in blood pressure) without
biomechanical stress were applied, suggesting a selective role
for melusin in mechanotransduction. In turn, cardiac-re-
stricted overexpression ofmelusin protected bandedmice from
the transition from “compensatory” to pathological hypertro-
phy with apoptosis, fibrosis, and progressive ventricular dila-
tion (43).

L-type Calcium Channel

The L-type calcium channel (LTCC) is themajormediator of
calcium influx in cardiomyocytes, regulating both excitation-

contraction coupling and the activation of several signaling cas-
cades. The calcium channel current itself is regulated in turn by
several pathways, including �-adrenergic, Ca2�/calmodulin-
dependent protein kinase, and calcineurin signaling (44). It
localizes to the T-tubules, which are membrane invaginations
closely interdigitating with the z-disc (45–47). In fact, immu-
nofluorescence imaging revealed a striated pattern for the
LTCC, which is indistinguishable from z-disc staining (48).
Interestingly, there are even examples of z-disc proteins that
simultaneously bind to membrane proteins of T-tubules, e.g.
T-cap/telethonin, which associates with the potassium channel
MinK (49).
Calcineurin is linked to the z-disc via calsarcin andMLP (see

below) but also directly binds to and dephosphorylates the
LTCC. Dephosphorylation of the LTCC leads to an increase in
channel function, making calcineurin an important modulator
of pathological electrical remodeling in hypertrophy. This
appears to be a feed-forwardmechanism because calcineurin is
itself activated via calcium/calmodulin (50). Molkentin et al.
(51) very recently identified the widely expressed EF-hand
domain-containing protein CIB1 (Ca2�- and integrin-binding
protein-1) as a novel calcineurin B-interacting protein that
localizes to the sarcolemma in proximity to the LTCC.
Homozygous genetic deletion of CIB1 rendered mice resistant
to pathological hypertrophy accompanied bymarked reduction
of calcineurin activation. Conversely, inducible cardiac trans-
genic overexpression enhanced hypertrophy and calcineurin
activity upon exposure to pathological stimuli. Thus, CIB1 is a
novel upstream regulator of calcineurin activity in pathological
hypertrophy and might represent an important link between
the upstream integrin and calcineurin “stretch” sensors (51).

Downstream Signaling of the Cardiac Z-disc

Calcineurin Signaling

Several phosphatases and kinases reside at the z-disc (Fig. 2).
During the last decade, it has been shown that the calcium/
calmodulin-dependent phosphatase calcineurin plays a central
role in cardiomyocyte signal integration. Calcineurin dephos-
phorylates and thereby activates NFAT (nuclear factor of acti-
vatedT-cells) family transcription factors, which aremajor pos-
itive regulators of pathological cardiac hypertrophy and
remodeling (reviewed in Ref. 5). We (47) and others (45, 46, 52,
53) have shown that at least part of the cardiomyocyte calcineu-
rin pool localizes to the z-disc, where it resides in close proxim-
ity to several important modulators of its activity.
Calsarcins—Initially found in yeast two-hybrid screening

using calcineurin as bait (47), the calsarcin family (also termed
myozenin or FATZ) comprises three members, all localizing to
the z-disc: calsarcin-1 is the only isoform expressed in the adult
heart and slow skeletal muscle, whereas calsarcin-2 (54) and
calsarcin-3 (55) are expressed in fast skeletal muscle. In cardiac
tissue, calsarcin-1 is a negative regulator of calcineurin. Despite
the lack of an obvious base-line phenotype, calsarcin-1 knock-
out mice were sensitized to pathological stimuli such as pres-
sure overload, resulting in excessive calcineurin activation and
exacerbated hypertrophy as well as accelerated cardiomyopa-
thy (10). Conversely, transgenic mice overexpressing calsar-
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cin-1 in a cardiac-specific fashion were protected against ang-
iotensin II-induced cardiac hypertrophy (56). Interestingly,
calsarcin-1 was recently identified as a novel disease gene for
human hypertrophic cardiomyopathy (28). Like many z-disc
proteins, calsarcins are characterized by a multitude of binding
partners, including Cypher/ZASP/Oracle, T-cap/telethonin,
�-actinin, and �-filamin (47, 55); myotilin (57); MuRF1 and
MuRF2 (58); andENHandothermembers of the Enigma family
(16, 59). However, the precise mechanism by which calsarcins
modulate calcineurin activity still remains unclear. Interesting,
new results focus on post-transcriptional modification of cal-
sarcins by phosphorylation (16, 60) and potential changes in
their subcellular localization (60); however, the biological rele-
vance of these processes remains to be determined.
Lmcd1/Dyxin—Lmcd1 or dyxin is amember of the large LIM

domain-containing protein family localizing to the z-disc.
Besides two C-terminal LIM domains, Lmcd1 contains a PET
domain, which is also involved in protein-protein interactions
(61). In cardiomyocytes, Lmcd1 is strongly up-regulated by
prohypertrophic stimuli such as biomechanical stress both in
vitro and in vivo (62, 63). When overexpressed in neonatal car-
diomyocytes, Lmcd1 induced hypertrophy accompanied by
strong activation of calcineurin signaling. Similar effects could
be observed in a transgenic mouse model with cardiac-re-
stricted overexpression of Lmcd1 (62). Conversely, knockdown
of Lmcd1 attenuated the hypertrophic response to phenyleph-
rine or stretch. Moreover, phenylephrine-induced calcineurin
activation was completely abolished when Lmcd1 was knocked
down (62). Thus, Lmcd1 appears be required as a coactivator
for calcineurin activation. In non-cardiac cells, Lmcd1 has also
been implicated inGATA6-dependent signaling aswell as cyto-
plasmic-nuclear shuttling, similar to its relative zyxin (see
below) (64).
PICOT—Another interesting negative modulator of cal-

cineurin activity at the z-disc is PICOT (protein kinase C-in-
teracting cousin of thioredoxin). PICOT binds to and colo-
calizes with MLP at the z-disc. It thereby interferes with the
MLP-calcineurin interaction, causing a dose-dependent dis-
placement of calcineurin from the z-disc. As a consequence,
pharmacological agonist- or pressure overload-mediated
calcineurin activation is abrogated, which in turn prevents
cardiomyocyte hypertrophy (45).
PAK1—PAK1 (p21-activated kinase-1) is a serine/threonine

protein kinase activated by the small GTPases Cdc42 and Rac1
(65). Solaro and co-workers (66) showed that PAK1 is highly
expressed in different regions of the cardiomyocyte, including
the z-disc as well as the cell membrane, intercalated disc, and
nuclear membrane. PAK1 is upstream of PP2A (protein phos-
phatase 2A), inducing its post-translational modification and
subsequent dephosphorylation of troponin I, suggesting that
both form a functional complex (66). PPA2 is one of the major
phosphatases of PKA-dependent phosphorylation sites, suggest-
ing a role for the PAK1-PP2A complex inmodulating the �-adre-
nergic effects in cardiac contractility (reviewed in Ref. 67).
PKC—Considerable attention has been paid to PKC signaling

at the level of the z-disc. PKC�, a known modulator of cardiac
hypertrophy that belongs to the group of “novel” or “unconven-
tional” PKCs (characterized by the fact that they do not require

Ca2� for their activation) (reviewed in Ref. 68), has been shown
to translocate to the z-disc in cardiomyocytes upon stimulation
(69), in particular in response to mechanical stress (70). In vivo,
PKC� (as well as PKC�) activation induces “physiological”
hypertrophy rather than maladaptive hypertrophy (71). PKC�
can alsomediate prohypertrophic stimuli by forming a complex
with PKD1 at the z-disc. PKC�-dependent activation of PKD1
appears to be necessary for cardiac hypertrophy induced by
G-protein-coupled receptor agonists (72). An important
anchoring protein for several PKCs (including PKC�) is the
PDZ-LIMdomain proteinCypher/ZASP/Oracle, which tethers
them to the �-actinin skeleton of the z-disc (73). The potential
importance of this interaction is further emphasized by the
finding that a human cardiomyopathy-causing mutation in
Cypher strengthens its binding affinity for PKC� (74). It was
speculated that Cypher competes with RACK2 (receptor for
activated C kinase 2) for binding to PKC�, thereby promoting
progression to heart failure (74). Another important PKC-reg-
ulating molecule at the z-disc is the capping molecule for the
barbed ends of actin, CapZ. CapZ is a heterodimer consisting of
an �- and a �-subunit. The �2-isoform is ubiquitously
expressed, whereas the�1-isoform is expressed in striatedmus-
cle and localizes to the z-disc (75). CapZ interacts with �-ac-
tinin (76) and regulates actin dynamics and tethers the thin
filaments to the z-disc (77). Pyle et al. (78) demonstrated that
down-regulation ofCapZ leads to a decrease in PKC� and alter-
ation in PKC-dependent signaling. Cardiac CapZ regulates the
binding of PKC�II to themyofilaments, with subsequent effects
on cardiac contractility (79).
PDE5—Another interesting signalingmolecule that localizes

to the z-disc (80) is PDE5 (phosphodiesterase 5), which medi-
ates cGMP degradation and is up-regulated to high levels in
failing hearts (81). Interestingly, in mice subjected to chronic
pressure overload, selective PDE5 inhibition inhibited hyper-
trophy and prevented functional deterioration (82).
Acetylases and Deacetylases—In addition to phosphoryla-

tion, reversible acetylation of lysine residues is an important
functional modification of protein function. Interestingly, both
a histone acetyltransferase, PCAF (p300/CBP-associated fac-
tor), and histone deacetylase, HDAC4, localize to the cardiac
sarcomere at the z-disc (A- and I-bands), where the z-disc pro-
tein MLP is a target for both molecules (83). Inhibition of his-
tone deacetylases increased myofilament sensitivity in wild-
type but notMLP knock-outmice, providing evidence for a role
of z-disc protein acetylation in the regulation of cardiac
contractility.

Shuttling Z-disc Molecules

Zyxin—Zyxin is a ubiquitously expressed LIM protein that
has been implicated in cytoskeletal organization and cell motil-
ity (84). In addition to its localization to the focal adhesion
complex, zyxin interacts with several z-disc molecules, includ-
ing �-actinin, MLP, and myopodin (5, 85). In a non-cardio-
myocyte cell system (vascular smoothmuscle), Cattaruzza et al.
(86) showed that zyxin shuttles to the nucleus selectively upon
mechanical stress, thereby modulating gene expression. In car-
diomyocytes, zyxin translocates to the nucleus in response to
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atrial natriuretic peptide/cGMP-dependent upstream signals,
where it associates with AKT and enhances cell survival (87).
MLP—MLP (CSRP3/CRP3) is a small 198-amino acid pro-

tein that is highly expressed in striated muscle cells. A mouse
model with deletion ofMLPwas the first genetically engineered
animal model of DCM (88). Although at least part of the MLP
appears to localize to the cardiac z-disc, its exact subcellular
localization remains controversial (89).MLP interactswith sev-
eral z-disc proteins, including T-cap/telethonin, �-actinin, the
phosphatase calcineurin, and zyxin, but also with N-RAP at the
intercalated disc and �-spectrin as well as ILK at the costamere
(reviewed in Refs. 5, 17, and 90). Moreover, MLP has been
shown to shuttle to the nucleus, where it interacts with the
muscle basic helix-loop-helix transcription factors MyoD,
MRF4, and myogenin, thereby modulating gene expression
(reviewed in Ref. 5). Knöll et al. (9) proposed thatMLPmight be
part of the elusive cardiac stretch receptor, an idea that is sup-
ported by data that cyclic stretch could drive nuclear transloca-
tion of MLP (91) and that MLP is up-regulated in several mod-
els of cardiac hypertrophy and remodeling (46, 92). MLP also
regulates calcineurin activity (see above) by direct binding.
Heterozygous loss ofMLP thereby leads to dissociation ofMLP
from the z-disc and subsequently to reduced calcineurin/NFAT
activation during post-infarction remodeling (46).
Myopodin—Myopodin, an actin- and �-actinin-binding

member of the synaptopodin family, also shows a two-com-
partment redistribution behavior. It localizes to the z-disc
under base-line conditions but shuttles to the nucleus in
stressed cardiomyocytes and during myoblast development
(93). The importin-�-mediated nuclear import of myopodin
relies on serine/threonine phosphorylation-dependent binding
of myopodin to 14-3-3 (94). Phosphorylation via PKA and
Ca2�/calmodulin-dependent protein kinase II promotes
nuclear import, whereas dephosphorylation by calcineurin
abrogates 14-3-3 binding and supports myopodin binding to
�-actinin (95). Although its biological function is still unde-
fined, recent findings support a role for myopodin as a z-disc
multiadaptor protein (96).
Ubiquitin Ligases—The ubiquitin-proteasome system con-

trols a wide spectrum of physiological and pathophysiological
processes in cardiac muscle, including degradation of mis-
folded proteins, but also several signaling pathways involved in
stress response, hypertrophy, the cell cycle, and cell death
(recently reviewed in Ref. 97). At least two important partici-
pants in the ubiquitin-proteasome system localize to the car-
diac z-disc: the MAFbx/atrogin-1 and MuRF (muscle-specific
ring finger) protein family E3 ligases. MAFbx/atrogin-1 has
been shown to directly bind to �-actinin and calcineurin at the
z-disc. It reduces the amount (and activity) of calcineurin via
ubiquitination and subsequent degradation (52). Consistently,
mice overexpressing MAFbx/atrogin-1 showed a blunted
hypertrophic response and reduced calcineurin signaling upon
pressure overload. The MuRF family comprises three mem-
bers, MuRF1–3, but only MuRF3 reveals a z-disc localization
(98). MuRF3 knock-out mice showed normal cardiac function
under base-line conditions but were prone to ventricular rup-
ture after myocardial infarction. Interestingly, the MuRF3
binding partners (and targets) �-filamin and FHL-2 (both also

at least partially localizing to the z-disc) accumulated, suggest-
ing a cardioprotective role for MuRF3 (99). In line with these
findings, MuRF1/3 double knock-out mice showed a severe
myopathy and hypertrophic cardiomyopathy accompanied by
subsarcolemmal myosin heavy chain accumulation, further
emphasizing the crucial role for MuRF proteins in proper sar-
comeric protein turnover (100).

Perspectives

Z-disc biology is a rapidly evolving field. The view of the
z-disc has been shifted from a simple structural lateral margin
of sarcomeres to a hot spot in signaling and disease, where a
plethora of different proteins reside, themajority of which have
been implicated in signal transduction.Muchprogress has been
made to unravel this intricate network of proteins.
A prominent feature shared by most z-disc proteins is their

ability to mediate multiple protein-protein interactions. Thus,
it is likely that the number of signaling proteins localizing to the
z-discwill continue to grow.Given the relevance ofmany z-disc
proteins in inherited and acquired cardiac disease, it will be
crucial to further investigate and understand the underlying
pathomechanisms to develop effective therapeutic strategies.
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Titin, the largest protein in the human body, is well known
as a molecular spring in muscle cells and scaffold protein
aiding myofibrillar assembly. However, recent evidence has
established another important role for titin: that of a regula-
tory node integrating, and perhaps coordinating, diverse sig-
naling pathways, particularly in cardiomyocytes. We review
key findings within this emerging field, including those
related to phosphorylation of the titin springs, and also dis-
cuss how titin participates in hypertrophic gene regulation
and protein quality control.

The specialized cytoskeleton of striated muscle cells consists
of highly ordered structures, the sarcomeres, which are built of
myosin, actin, and titin filaments (Fig. 1), along with a plethora
of other structural and regulatory proteins. The cytoskeleton is
no longer seen as a static skeleton that fixes each cellular com-
ponent but as a dynamic and sensitive cellular organizer that
responds to various extracellular clues. Muscle cells are no
exception to this; however, some responses to external signals
are unique to myocytes due to the specialized protein compo-
sition and ordered arrangement of the sarcomeres. In thismini-
review, we first provide general information on the structure
and function of the giant muscle protein titin (also known as
connectin) and then focus on the dynamic role of titin as an
important regulatory node in the sarcomeric cytoskeleton. Spe-
cial attention is paid to emerging evidence suggesting that
phosphorylation by various protein kinases alters titin function.

Titin: Backbone of the Sarcomere

The titin filament inserts, with its NH2 terminus, in the
Z-disk and reaches all the way to the center of the sarcomere,
the M-band (Fig. 1). This corresponds to a molecular length of
0.9 to �1.5 �m, depending on sarcomere stretch. Whereas the
NH2-terminal titin segment is firmly anchored to the Z-disk,
the section emerging from the Z-disk still remains functionally

inextensible for a short distance because it is bound to the thin
filament (1, 2). The extensible segment of titin begins�100 nm
from the Z-disk center and bridges the remaining I-band
portion of the sarcomere as an elastic spring until it enters
the thick filament (A-band) portion. Whether titin runs
through the I-band as a single molecular strand or as a self-
associated oligomer is largely unknown. However, evidence
was provided for an �100-nm-long stalk-like structure ema-
nating from the thick filament (the “end filament”), which
presumably represents a bundle of six self-associated titin
molecules (3). In the A-band, titin may be organized as a
dimer in a helical conformation (4). Alternatively, titin
dimers may lie in a linear fashion on the surface of the fila-
ment backbone, as suggested by electron microscopy and
single-particle image analyses revealing the three-dimen-
sional structure of cardiac thick filaments (5). A conundrum
in the sarcomere structure is how the titin arrangement
accommodates both the 3-fold symmetry of the A-band and
the 2-fold symmetry of the Z-disk (6). Resolving the organi-
zation of titin in the sarcomere could thus be key to a better
understanding of myofibrillar assembly.

Titin Isoforms

Titin is expressed in potentiallymillions of different isoforms
(7) generated by alternative splicing from the transcript of a
single titin gene (8). The human titin gene comprises 363 exons
predicted to code for up to 38,138 residues, or a protein size of
4.2 MDa. Thus, titin is the largest protein in the human body.
The size of the human titin isoforms sequenced so far ranges
from 625 kDa for the low-abundance novex-3 isoform
(which reaches �0.2 �m from the Z-disk center into the
I-band but is functionally not characterized) up to 3700 kDa
for the human soleus titin (9), which is the so-called N2A
isoform characteristic of skeletal muscles. In a set of �40
different rabbit skeletal muscles, the size range of N2A iso-
forms was found to be �3300–3700 kDa (10). The major
cardiac titin isoforms are classified as N2B (3000 kDa) and
N2BA (variable sizes, �3200 kDa; see example in Fig. 1) (11),
which are coexpressed in the sarcomere at different ratios
depending on the species, location in the heart, developmen-
tal stage, and disease state (reviewed in Ref. 12). Fetal titin
isoforms are generally very large in both cardiac (13–16) and
skeletal (17) muscles. The earliest detectable fetal cardiac
titin is an N2BA isoform of �3700 kDa, which is replaced
during pre/perinatal development by smaller N2BA iso-
forms and N2B titin (13). The latter predominates in the
adult hearts of many mammalian species, including humans,
where the normal N2BA/N2B expression ratio is �35:65
(18). The functional implications of these isoform transi-
tions have been discussed elsewhere (12). Interestingly, an
unusually large, �3900-kDa, cardiac N2BA titin has been
identified in a spontaneous mutant rat model, but the origin
of the 200-kDa “extra” mass in this isoform is unknown (19).
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Constitutively and Differentially Expressed Titin Regions

Some titin regions are more affected than others by alterna-
tive splicing. In the full-length titin isoforms, N2A, N2B, and
N2BA (and the rare novex-1/2, whose function is unknown
(9)), the elastic I-band segment contains two constitutively
expressed regions comprising tandemly arranged �-sheet
domains belonging to the intermediate I-set of the Ig (immu-
noglobulin-like) superfamily: the “proximal” (to theZ-disk) and
“distal” Ig domain regions (Fig. 1). The proximal Ig domains are
numbered I1–I15 according to the human titin nomenclature
of Bang et al. (9), which is used throughout this minireview.
Other databases, e.g. the UniProtKB/Swiss-Prot server (entry
Q8WZ42), use a different domain numbering. The distal Ig
domains (I84–I105) are involved in homotypic binding and
make up the above-mentioned end filament. A third titin spring
region constitutively expressed in skeletal and cardiac muscles
is the COOH-terminal part of the PEVK domain (for proline,
glutamic acid, valine, and lysine, the predominant constituting
amino acids). This region has �180 amino acids (encoded by
human titin exons 219–226) (9).

All other exons coding for domains in the elastic titin segment
are differentially spliced in the different isoforms (11). These
include the following (Fig. 1): (i) the only cardiac-specific segment,
the N2-B region (encoded by titin exon 49), which comprises Ig
domains I24/I25 and I26 interspersed with a unique sequence
(N2-Bus)of 572aminoacids inhumantitin; (ii) thevariable-length
Ig region, which comprises Ig domains I27–I79; (iii) the N2-A
region (encodedbyhuman titin exons 102–109),which comprises
four Ig domains (I80–I83) and intervening sequences and is
expressed in N2A and N2BA titins but not in N2B titin; and (iv)
the remainder of the PEVK domain (encoded by human titin
exons 112–218), where up to 60 repeatingmotifs have been iden-
tified, eachaveraging28aminoacidsencodedbyasingleexon (20).
In the PEVK domain, some structural folds such as polyproline II
helicesareapparent (21).Finally, a stretchofeight Igdomains (plus
intervening sequences) just COOH-terminal to the proximal Ig
region (“novex domains” 16–23) (Fig. 1) are expressed only in the
novex isoforms (9). In summary, the huge size diversity of titin is
brought about by differential splicing of exons coding for the elas-
tic region.

FIGURE 1. Layout of titin in the half-sarcomere and atomic structures of titin domains available to date. Shown are two strands of the cardiac N2BA titin isoform.
Atomic structures were obtained from the Protein Data Bank; for original references, see the text. X-Ray indicates that the structure was resolved by x-ray crystallog-
raphy; NMR indicates that the structure was resolved by solution nuclear magnetic resonance spectroscopy. Titin domain nomenclature is according to Ref. 9; note that
Ig domain I91 is often called I27 elsewhere in the literature. Z, I, A, and M refer to Z-disk, I-band, A-band, and M-band titin location, respectively. The titin segments are
as follows. Ig is the immunoglobulin-like domain region; N2-B is the cardiac-specific region encoded by human titin exon 49; N2-A is the I-band region encoded by
human titin exons 102–109; PEVK is the unique sequence (�70% Pro, Glu, Val, and Lys residues); and the FN3-like domain is the fibronectin type 3-like domain.
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Most of the Z-disk and M-band titin, including the Ig
domains (Z1–Z9, M1–M10), is constitutively expressed in
human striatedmuscles. However, near the titin NH2 terminus
are up to seven repeating sequence motifs called the Z-repeats
(Fig. 1), which are differentially spliced depending on the mus-
cle type (22, 23). In M-band titin, a developmentally regulated
splice event affects exon 362 (or Mex5) encoding a unique
insertion, Mis-7 (24). A-band titin, the largest part of the mol-
ecule, again is constitutively expressed in heart and skeletal
muscles. As soon as titin joins the thick filament, a second
�-sheet domain type next to the Ig domain appears, the
fibronectin type 3 (FN3)3 domain, whichmakes up themajority
of A-band titin (Fig. 1). Many Ig and FN3 domains in the
A-band are arranged in 7- and 11-domain super-repeats, which
are repeated 6 and 11 times, respectively (Fig. 1), coinciding
with theD- andC-zones of the sarcomere (8). Importantly, titin
also belongs to the Ca2�/calmodulin-dependent protein kinase
serine/threonine protein kinase family by virtue of its constitu-
tively expressed titin kinase (TK) domain near the M-band
(encoded by human titin exon 358).

Titin Domain Structures

Over the past�15 years, solution NMR and x-ray crystallog-
raphy have been used to solve various domain structures of titin
to atomic detail. Currently, 12 structures fromdifferent parts of
the molecule are available, covering �7% of the titin protein
(Fig. 1). Representative of the Z-disk region are the two NH2-
terminal Ig domains Z1 and Z2, alone (x-ray (25)) or in com-
plex with telethonin (x-ray (26)), and Z-repeat 7 bound to
�-actinin (NMR (27)). Representative of the I-band region
are the proximal Ig domain I1 (x-ray (28)), the differentially
spliced Ig domain segment I65–I70 or parts of it (x-ray (29)),
and the distal Ig domain I91 (NMR (30) and x-ray (31)).
Representative of the A-band titin are the FN3 domain A71
(NMR (32)), the FN3 domains A77–A78 (x-ray (33)), and the
Ig-Ig-FN3 construct A168–A170 or parts of it (x-ray (34,
35)). Representative of theM-band region are the Ig domains
M1 (x-ray (Protein Data Bank code 2bk8)), M5 (NMR (37)),
andM10 in complex with OBSL1 (obscurin-like-1; x-ray (38,
39)). In addition, atomic structures have been obtained of the
TK domain (40) and a motif repeat of the PEVK domain (21).
Collectively, these structures have helped to elucidate impor-

tant aspects of titin function: (i) the flexibility and stability of
titin segments defining the elastic properties of themolecule (6,
41), (ii) the involvement of select titin domains in protein-pro-
tein interactions (see below), and (iii) the putative role of some
titin domains in mechanosensing (42). Furthermore, availabil-
ity of the crystal structures has been a prerequisite formodeling
approaches such as molecular dynamics simulations, which
continue to reveal impressive details on the structure and func-
tion of titin domains (43). Last but not least, the crystal struc-
tures have been useful to understand how mutations in titin
domains may cause hereditary myopathies. Disease-associated
mutations have been identified in the Z-disk, I-band, A-band,

and M-band parts of titin (for a list of known mutations in
human titin, see Ref. 44).

Properties Classically Attributed to Titin

Although titin is expressed in cells other than myocytes,
e.g. in blood cells (45) and fibroblasts (46), a function has
been established only in striated muscle. A “classical” titin
function is that of a scaffold protein aiding in myofibrillar
assembly (6, 47). Because the 11-domain super-repeat region
in A-band titin has a 43-nm axial periodicity similar to that
of the myosin filament, a molecular ruler hypothesis has
been put forth suggesting that titin organizes the thick fila-
ment structure (48). At the A-band edge, an irregular myosin
head arrangement correlates with a unique titin domain pat-
tern (49). Furthermore, titin helps position the myosin fila-
ments in the center of the sarcomere as a prerequisite for
optimum force production (50). Perhaps best known,
though, is the role of titin as a molecular spring.

Mechanical Functions of Titin

The molecular spring function has many facets. Titin is a
paradigm in the field of single-molecule mechanical studies
(41). Such studies have established, together with immuno-
staining experiments on stretched sarcomeres, that the titin
elastic I-band region contains serially linked molecular seg-
ments behaving like entropic springs with different bending
rigidities or persistence lengths: the Ig segments, the PEVK
domain, and N2-Bus (in cardiac muscle). These elements
extend sequentially during sarcomere stretch (51–54). The
elastic force generated by titin accounts for about half of the
total passive tension (PT) of non-activated muscle or myocar-
dium, with the remainder originating mostly in the extracellu-
lar collagen network (10, 55). Furthermore, passive stiffness
and viscoelasticity are properties of the non-activated striated
muscle, which can also be ascribed in part to titin (56–58).
Interestingly, titin-based PT and stiffness are modulated by
titin isoform transitions, particularly in the heart: during peri-
natal development, the cardiac N2BA/N2B expression ratio
decreases, whereby titin becomes stiffer (13–16), whereas in
chronic cardiac failure, the N2BA/N2B ratio can increase and
lower titin-based PT (Fig. 2, inset) (12, 18, 55, 59). Moreover,
elastic recoil of the stretched titin spring could support active
muscle shortening, although viscous drag forces largely arising
from titin-thin filament interactions (like those involving the
PEVK region (60)) put a brake on titin recoil speed (61). In
cardiac sarcomeres shortened to below slack length, the titin
springs are a source of restoring forces, which bring the sar-
comere (and the myocardium in early diastole) back to its rest-
ing length (“diastolic suction”) (62). Finally, titin is suggested to
be involved in determining the length-dependent activation of
cardiac muscle (63–65), which is the basis for the increase in
work output with increased diastolic filling, also known as the
Frank-Starling mechanism of the heart. Two conclusions
drawn from these studies are that the mechanical functions of
titin are manifold and that titin spring stiffness can be variably
tuned in health and disease.

3 The abbreviations used are: FN3, fibronectin type 3; TK, titin kinase; PT, pas-
sive tension; MARP, muscle ankyrin repeat protein.
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Emerging Importance of Titin Phosphorylation

Post-translational modifications are an evolving subject in
titin research. Phosphorylation sites have been detected in the
Z-disk, I-band, and M-band titin portions (Fig. 2).
At the NH2-terminal end of titin, the sequence insertions

Zis-1 and Zis-5 contain XSPXR motif repeats, which are con-
sensus sequences for proline-directed kinases. These motifs
were shown to be phosphorylated in vitro by ERK1/2 and Cdc2
(cyclin-dependent protein kinase-2) (22, 66). Phosphorylation
of the XSPXR repeats was proposed to occur in developing
rather than differentiated adult muscle, implying a potential
role for phosphorylation at these sites during myogenesis (66).

Similar phosphorylation motifs were identified at the titin
COOH terminus: the sequence insertionMis-4 inM-band titin
contains four KSP motifs phosphorylated by protein extracts
from developing (but not differentiated) muscle (67). Phos-
phorylation at this site regulates binding to the SH3 (Src
homology 3) domain of a titin ligand, Bin1, a protein partic-
ipating in myocyte organization (68). The KSP motifs show
high sequence homology to theXSPXR repeats in Z-disk titin
and are also phosphorylated by proline-directed kinases
(67). These findings have suggested that titin phosphoryla-
tion may be required for proper integration of the giant mol-
ecule and its binding partners into the assembling Z-disk and

FIGURE 2. Cardiomyocyte signaling pathways converging on titin. The schematic shows the domain architecture of cardiac titin isoforms (N2B and N2BA)
and binding partners that link titin to hypertrophic signaling pathways or protein quality control mechanisms. The inset demonstrates that titin-based PT can
be variably tuned either by reversible phosphorylation or by altering the N2BA/N2B titin isoform expression ratio. AC, adenylyl cyclase; ANP, atrial natriuretic
peptide; AngII, angiotensin II; �AR, �-adrenergic receptor; BNP, brain natriuretic peptide; CNP, C-type natriuretic peptide; ET-1, endothelin-1; G, small G-protein;
GPCR, G-protein-coupled receptor; MLP, muscle LIM protein; NFAT, nuclear factor of activated T-cells; P, titin phosphorylation site; pGC, particulate guanylyl
cyclase; PLC, phospholipase C; sGC, soluble guanylyl cyclase; us, unique sequence of the cardiac N2-B region.
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M-band structures, thus constituting an important signaling
event in myofibrillogenesis.
Phosphorylation of titin domains in the elastic I-band region

affects the passivemechanical properties of the sarcomere (69–
74). In humanmyocardium, PKA and PKG both phosphorylate
a serine residue in the cardiac-specific N2-Bus (Ser-469), which
increases the persistence length of N2-Bus and thereby reduces
titin-based PT by up to 20% (72). Ser-469 of human N2-Bus is
not conserved among different species, but PKA/PKG may
phosphorylate different sites on N2-Bus in other mammals.
Phosphorylation of elastic N2-Bus may be a potent mechanism
to dynamically adjust cardiomyocyte PT on a beat-to-beat
basis, e.g. in response to �-adrenergic signaling (69–71). Inter-
estingly, end-stage failing human hearts revealed a chronic def-
icit in titin phosphorylation, presumably due to impaired PKA
and PKG signaling (72, 74). A deficit for PKA/PKG-mediated
phosphorylation elevates titin-based PT and could therefore
contribute to the increased myocardial stiffness and impaired
diastolic filling seen in chronic heart failure. From a pharmaco-
logical point of view, these findings provide interesting possi-
bilities for novel therapeutic strategies to restore failing heart
function, such as increasing the availability of cGMP by inhib-
iting PDE5 (phosphodiesterase-5; e.g. by sildenafil), to recover
PKG-dependent titin phosphorylation and reduce PT.
PKG-mediated titin phosphorylation is not restricted to

N2-Bus but was also detected in the N2-A region, although this
modification did not affect titin stiffness (72). Because theN2-A
region has been recognized as a hot spot for protein-protein
interactions (see below), phosphorylation at this site could alter
signaling pathways converging onto the central I-band region.
Furthermore, phosphorylationmodulates the stiffness of the

elastic PEVK region, which is targeted by the �-isoform of
Ca2�-dependent PKC (73). PKC� phosphorylates two serine
residues in the constitutively expressed COOH-terminal part
of the PEVK domain (Ser-26 and Ser-170), which (opposite to
the effect of phosphorylation at N2-Bus) reduces the persis-
tence length of the PEVK region and elevates titin-based PT. In
a mouse model with a deletion of the constitutively expressed
PEVK segment, the PKC�-induced increase in myocardial PT
was abolished (75). Considering that PKC� activity is high in
hypertrophic cardiomyopathy (76), a possibility is that PEVK
domain phosphorylation is elevated in failing hearts to cause
pathologically increased PT, which could then contribute to an
impaired diastolic function.
Phosphorylation of a tyrosine residue in the TK domain has

been proposed to play a role in the complex activation process
of this kinase (40). TK is an autoinhibited serine/threonine
kinase with some homology to Ca2�/calmodulin-regulated
myosin light chain kinases. TK is activated by a unique mecha-
nism involving removal of the COOH-terminal autoinhibitory
tail by yet unknown protein factor(s) (40) or stretch forces (77)
as a prerequisite for ATP binding and access of the autoinhibi-
tory tyrosine. Whether this process involves autophosphoryla-
tion of TK or phosphorylation by yet unidentified kinase(s) is
under debate. The activated TK domain was reported to phos-
phorylate the Z1/Z2-binding protein telethonin in differentiat-
ing myocytes (40), but this modification was determined not to
be relevant in early myogenesis (78). In any case, phosphoryla-

tion of the TK domain could be an important step in the
mechanical stress-induced adaptation of myocyte function.
Whereas the titin phosphorylation sites discussed above

have been confirmed experimentally, online routines (e.g. Scan-
site and NetphosK) predict phosphorylation of titin at numer-
ous additional sites and by various other kinases. Considering
the huge size of the titin molecule, identification of more phos-
phorylation sites and their functional relevance seems just a
matter of time.

Titin Interaction Partners Involved in Hypertrophic
Signaling

Titin associates with �20 different proteins (supplemental
Table 1; for original citations, see reviews in Refs. 42 and 44),
some of which are signalingmolecules linking titin to pathways
of hypertrophy regulation (Fig. 2). Exceptionally strong binding
(79) occurs between the titin Z1/Z2 domains and telethonin/T-
cap (26, 80). This interaction also provides a link to the tele-
thonin ligandmuscle LIMprotein,whichhasmultiple locales in
themyocyte, including the nucleus, where it acts as a transcrip-
tional coactivator (81).Muscle LIMprotein, telethonin, and the
NH2 terminus of titin were suggested to be part of a putative
mechanosensor complex at the Z-disk (81), whose mechanism
of action remains, however, enigmatic. In conclusion, the
involvement of Z-disk titin domains in hypertrophic signaling
is likely but requires further confirmation.
A hot spot for protein-protein interactions on titin where

hypertrophy signaling pathways converge is the cardiac-spe-
cific N2-B region (Fig. 2). N2-Bus interacts with the four-and-
a-half LIMdomain proteins FHL1 and FHL2 (82, 83), which are
transcriptional coactivators able to translocate from the sar-
comere and cytosol to the nucleus. Note that another binding
site for FHL2 is in the longest unique sequence insertion of
M-band titin,Mis-2 (82). FHL1 forms a putative biomechanical
strain sensor complex at N2-Bus with members of the MAPK
family (Fig. 2). This complex, which includes MEK1/2, their
activator Raf-1, and ERK2, was suggested to “translate” a
mechanical stretch of N2-Bus to a hypertrophy response by
causing activated ERK2 to shuttle to the nucleus (83). If FHL1 is
missing from the complex, such as in FHL1-deficient mouse
hearts, pathological hypertrophy in response to pressure over-
load is blunted (83). Because the Raf-1/MAPK pathway is acti-
vated by diverse extracellular signals, including those mediated
by G-protein-coupled receptors, strain signaling via the titin
N2-Bus sequence could be amore generalmechanismof hyper-
trophic gene activation.
Another signaling node in I-band titin is the N2-A region

(Fig. 2). Binding partners of this region at position I80/I81
are the three homologous muscle ankyrin repeat proteins
(MARPs), cardiac ankyrin repeat protein, diabetes-related
ankyrin repeat protein, and Ankrd2 (ankyrin repeat domain
protein-2), which also associate with myopalladin (84). MARPs
are thought to shuttle to the nucleus in response to mechanical
strain and act as negative regulators of gene expression. Inter-
estingly, MARPs are up-regulated in end-stage human heart
failure (59).While appearing phenotypically normal,mice lack-
ing all three MARP family members revealed less stiff skeletal
muscle fibers expressing a longer isoform of titin than their
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wild-type counterparts (85). Thus, MARPs affect the mechani-
cal behavior ofmyocytes and couldwell be involved inmechan-
ical stress or strain signaling.
Near the M-band, titin domains A168–A170 interact with

MURF1 (muscle-specific RING finger protein-1) (34, 86, 87);
binding was also shown with theMURF2 isoform (88, 89). This
interaction provides another link to nuclear signaling pathways
(Fig. 2) because the MURF isoforms can translocate to the
nucleus in response to stress signals and mediate transcrip-
tional repression via binding to the serum response factor (90).
Adjacent to the MURF-binding site at A168–A170 is the TK
domain, which interacts with the zinc-finger protein NBR1
(neighbor of BRCA1 gene-1). NBR1 forms a signaling complex
with p62/SQSTM1, which in turn recruits MURF2 to the sar-
comere (90). Knock-out mouse models available for theMURF
isoforms demonstrated a role for these proteins inmuscle atro-
phy but also suggested that MURF functions may require syn-
ergistic action of the different isoforms (91, 92). In summary,
multiple evidence supports the idea that the titin-associated
signalosome includes hot spots of protein-protein interactions
involved in hypertrophic signaling, particularly in cardiac
muscle.

Titin-Ligand Interactions and Protein Quality Control

Protein quality control, the general cellular mechanism
through which aberrant proteins become eliminated, requires
the coordinated interaction of various enzymes. Below we dis-
cuss novel findings linking cardiac titin to themain elements of
the protein quality controlmachinery: chaperones, calpain pro-
teases, and the ubiquitin-proteasome system.
One connection to proteasomal pathways is provided by

the titin NH2-terminal interaction partner telethonin/T-cap
(Fig. 2). Telethonin associates with MDM2 (mouse double
minute-2) (93), an E3 ubiquitin ligase that targets both itself and
the tumor suppressor p53 for degradation by the proteasome.
MDM2 activity is also controlled by the antagonistic ubiquitin-
specific protease USP7, which reverses ubiquitination and pro-
tects target proteins from degradation (93). In addition, like
many other sarcomeric proteins, telethonin interacts with
MURF1 (88), itself a muscle-specific E3 ubiquitin ligase that
binds to titin domains A168–A170 (Fig. 2). Overexpression of
MURF1 in cardiomyocytes disrupted the M-band portion of
titin, suggesting that MURF1 is involved in controlling the
structural stability of titin (87).
A different link to proteasomal pathways is suggested by the

binding of the titin Ig domain I4 to the ubiquitous Ca2�-depen-
dent protease calpain-1 (Fig. 2) (94). The importance of calpain
proteases in the homeostatic turnover of cardiac tissue is well
established (reviewed in Ref. 92): loss of myocardial calpain-1
activity causes progressive dilated cardiomyopathy character-
ized by accumulation of intracellular protein aggregates, for-
mation of autophagosomes, and sarcomere degeneration.
Moreover, calpain-1 appears to be required for ubiquitin ligases
to reach sarcomere proteins and initiate their proteasomal deg-
radation. Finally, a skeletal muscle-specific calpain protease,
calpain-3/p94, associates with titin at multiple sites (95). Best
known is the interaction with the N2-A and M-band regions

(supplemental Table 1), which is important formaintaining cal-
pain-3 in an autoinhibited state.
The N2-B region of I-band titin interacts with the chaperone

�B-crystallin (Fig. 2), a highly abundant small heat shock pro-
tein in cardiac myocytes (96). The interaction is promoted by
ischemic stress (97). Missense mutations in �B-crystallin were
identified in patients with dilated cardiomyopathy or desmin-
relatedmyopathy, and somemutations were shown to decrease
the binding affinity to N2-Bus (98). Interaction with �B-crys-
tallin increased the mechanical stability of titin Ig domains (96)
and lowered the persistence length of N2-Bus (99), an effect
that was lost with disease-causing �B-crystallinmutations (99).
Another small heat shock protein, HSP27, binds to titin in heat-
shocked zebrafish cardiomyocytes, but the exact binding site is
unknown (36). Collectively, these data suggest that the interac-
tion with chaperones has a protective effect on titin domains
and could be important for normal heart function by prevent-
ing stress-induced sarcomere degradation. In summary, vari-
ous lines of evidence link titin directly to the protein quality
controlmachinery.However,many details onhow the titin pro-
tein is protected from stress or degraded in themyocyte are still
unknown.

Conclusions

The giant protein titin can now be viewed as an important
regulatory node in striated muscle cells, as it integrates, and
perhaps even coordinates,multiple signaling pathways control-
ling hypertrophic gene activation and the machinery that bal-
ances protein folding and degradation. Newly discovered phos-
phorylation sites on titin, particularly in the signaling hot spots
of the giant protein, could be involved in regulating these path-
ways. Phosphorylation of the titin spring region by protein
kinases PKA, PKG, and PKC� has now been established as a
mechanism the myocyte uses to fine-tune titin-based stiffness.
Future work is likely to discover more titin phosphorylation
sites and interaction partners and establish their functional rel-
evance. The increasing number of atomic structures of titin
domains becoming available will decisively aid in this endeavor.
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Gautel, M. (1997) Biophys. J. 73, 905–919
2. Trombitás, K., and Granzier, H. (1997) Am. J. Physiol. 273, C662–C670
3. Houmeida, A., Baron, A., Keen, J., Khan, G. N., Knight, P. J., Stafford,

W. F., 3rd, Thirumurugan, K., Thompson, B., Tskhovrebova, L., and
Trinick, J. (2008) J. Mol. Biol. 384, 299–312

4. Tskhovrebova, L., Walker, M. L., Grossmann, J. G., Khan, G. N., Baron,
A., and Trinick, J. (2010) J. Mol. Biol. 397, 1092–1105

5. Zoghbi, M. E., Woodhead, J. L., Moss, R. L., and Craig, R. (2008) Proc.
Natl. Acad. Sci. U.S.A. 105, 2386–2390

6. Tskhovrebova, L., and Trinick, J. (2010) J. Biomed. Biotechnol. 2010,
612482

7. Guo, W., Bharmal, S. J., Esbona, K., and Greaser, M. L. (2010) J. Biomed.
Biotechnol. 2010, 753675

8. Labeit, S., and Kolmerer, B. (1995) Science 270, 293–296
9. Bang, M. L., Centner, T., Fornoff, F., Geach, A. J., Gotthardt, M., Mc-

Nabb, M., Witt, C. C., Labeit, D., Gregorio, C. C., Granzier, H., and
Labeit, S. (2001) Circ. Res. 89, 1065–1072

10. Prado, L. G., Makarenko, I., Andresen, C., Krüger, M., Opitz, C. A., and
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Comput. Biol. 5, e1000306
32. Goll, C. M., Pastore, A., and Nilges, M. (1998) Structure 6, 1291–1302
33. Bucher, R. M., Svergun, D. I., Muhle-Goll, C., and Mayans, O. (2010) J.

Mol. Biol. 401, 843–853
34. Mrosek, M., Labeit, D., Witt, S., Heerklotz, H., von Castelmur, E., Labeit,

S., and Mayans, O. (2007) FASEB J. 21, 1383–1392
35. Müller, S., Lange, S., Gautel, M., and Wilmanns, M. (2007) J. Mol. Biol.

371, 469–480
36. Tucker, N. R., and Shelden, E. A. (2009) Exp. Cell Res. 315, 3176–3186
37. Pfuhl, M., and Pastore, A. (1995) Structure 3, 391–401
38. Pernigo, S., Fukuzawa, A., Bertz,M., Holt,M., Rief,M., Steiner, R. A., and

Gautel, M. (2010) Proc. Natl. Acad. Sci. U.S.A. 107, 2908–2913
39. Sauer, F., Vahokoski, J., Song, Y. H., and Wilmanns, M. (2010) EMBO

Rep. 11, 534–540
40. Mayans, O., van der Ven, P. F., Wilm, M., Mues, A., Young, P., Fürst,

D. O., Wilmanns, M., and Gautel, M. (1998) Nature 395, 863–869
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Labeit, S. (1996) J. Mol. Biol. 261, 62–71
52. Trombitás, K., Greaser, M., Labeit, S., Jin, J. P., Kellermayer, M., Helmes,

M., and Granzier, H. (1998) J. Cell Biol. 140, 853–859
53. Linke,W. A., Rudy, D. E., Centner, T., Gautel,M.,Witt, C., Labeit, S., and

Gregorio, C. C. (1999) J. Cell Biol. 146, 631–644
54. Li, H., Linke, W. A., Oberhauser, A. F., Carrion-Vazquez, M., Kerkvliet,

J. G., Lu, H., Marszalek, P. E., and Fernandez, J. M. (2002) Nature 418,
998–1002

55. Makarenko, I., Opitz, C. A., Leake, M. C., Neagoe, C., Kulke, M., Gwath-
mey, J. K., delMonte, F., Hajjar, R. J., and Linke,W.A. (2004)Circ. Res.95,
708–716

56. Wang, K., McCarter, R., Wright, J., Beverly, J., and Ramirez-Mitchell, R.
(1993) Biophys. J. 64, 1161–1177

57. Bartoo, M. L., Linke,W. A., and Pollack, G. H. (1997)Am. J. Physiol. 273,
C266–C276

58. Minajeva, A., Kulke, M., Fernandez, J. M., and Linke, W. A. (2001) Bio-
phys. J. 80, 1442–1451

59. Nagueh, S. F., Shah, G.,Wu, Y., Torre-Amione, G., King, N.M., Lahmers,
S., Witt, C. C., Becker, K., Labeit, S., and Granzier, H. L. (2004) Circula-
tion 110, 155–162

60. Kulke, M., Fujita-Becker, S., Rostkova, E., Neagoe, C., Labeit, D., Man-
stein, D. J., Gautel, M., and Linke, W. A. (2001) Circ. Res. 89, 874–881

61. Opitz, C. A., Kulke,M., Leake,M.C., Neagoe, C., Hinssen,H., Hajjar, R. J.,
and Linke, W. A. (2003) Proc. Natl. Acad. Sci. U.S.A. 100, 12688–12693

62. Preetha, N., Yiming, W., Helmes, M., Norio, F., Siegfried, L., and Gran-
zier, H. (2005) J. Muscle Res. Cell Motil. 26, 307–317

63. Cazorla, O., Wu, Y., Irving, T. C., and Granzier, H. (2001) Circ. Res. 88,
1028–1035

64. Terui, T., Sodnomtseren, M., Matsuba, D., Udaka, J., Ishiwata, S., Oht-
suki, I., Kurihara, S., and Fukuda, N. (2008) J. Gen. Physiol. 131, 275–283

65. Lee, E. J., Peng, J., Radke, M., Gotthardt, M., and Granzier, H. L. (2010) J.
Mol. Cell. Cardiol. 49, 449–458

66. Sebestyén, M. G., Wolff, J. A., and Greaser, M. L. (1995) J. Cell Sci. 108,
3029–3037

67. Gautel, M., Leonard, K., and Labeit, S. (1993) EMBO J. 12, 3827–3834
68. Fernando, P., Sandoz, J. S., Ding, W., de Repentigny, Y., Brunette, S.,

Kelly, J. F., Kothary, R., and Megeney, L. A. (2009) J. Biol. Chem. 284,
27674–27686

69. Yamasaki, R.,Wu, Y., McNabb,M., Greaser, M., Labeit, S., and Granzier,
H. (2002) Circ. Res. 90, 1181–1188

70. Fukuda, N., Wu, Y., Nair, P., and Granzier, H. L. (2005) J. Gen. Physiol.
125, 257–271
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Myosin-binding protein C (MyBP-C) is a thick filament pro-
tein consisting of 1274 amino acid residues (149 kDa) that was
identified by Starr and Offer over 30 years ago as a contaminant
present in a preparation of purified myosin. Since then, numer-
ous studies have defined themuscle-specific isoforms, the struc-
ture, and the importance of the proteins in normal striatedmus-
cle structure and function. Underlying the critical role the
protein plays, it is now apparent that mutations in the cardiac
isoform (cMyBP-C) are responsible for a substantial proportion
(30–40%) of genotyped cases of familial hypertrophic car-
diomyopathy. Although generally accepted that MyBP-C can
interact with all three filament systems within the sarcomere
(the thick, thin, and titin filaments), the exact nature of these
interactions and the functional consequences of modified bind-
ing remain obscure. In addition to these structural consider-
ations, cMyBP-C can serve as a point of convergence for signal-
ing processes in the cardiomyocyte via post-translational
modifications mediated by kinases that phosphorylate residues
in the cardiac-specific isoform sequence. Thus, cMyBP-C is a
critical nodal point that has both important structural and sig-
naling roles and whosemodifications are known to cause signif-
icant human cardiac disease.

Myosin-binding protein C (MyBP-C)2 was first reported in
1972 in a volume covering a summer symposium held at the
Cold Spring Harbor Laboratory in Long Island, NY (1).
Referred to initially as “C-protein,” its most distinguishing
functional characteristic was its ability to decrease the skeletal
actin-activated myosin ATPase by �50%. Thus, the functional
importance of the interactions of MyBP-C with other sarcom-
eric proteins was integral to its initial characterization and the
subsequent studies that followed in that decade (2). Its struc-
tural location in the sarcomere was restricted, and on the basis
of an initial collaboration with F. A. Pepe, E. Rome, and R. W.
Craig,Offerwas able to develop an antibody that he could use to
effectively detect the protein in glycerinated rabbit psoas mus-

cle. These initial electron micrographs showed a striking pat-
tern of staining, and their clarity is unmatched to this day, with
the antibody decorating the sarcomeres in a series of seven to
nine axial bands spaced �40 nm apart in each half-sarcom-
ere on each side of theM-line in the C-zone of the sarcomere
(Fig. 1).
Following the discovery and initial characterization of the

protein, investigation focused on the physicochemical charac-
teristics (3, 4), distribution (5, 6), and impact ofMyBP-C on the
contractile characteristics of the sarcomere (7, 8). These early
studies also raised the possibility of isoform specificity in some
muscle types, distinguished on the basis of differing reactivities
to various anti-MyBP-C antibodies (6, 9, 10). However, in the
absence of any extensive sequence data, the identities, distribu-
tion, and sequences of the differentMyBP-C proteins remained
largely unknown and fragmentary. What was clearly apparent
even in these early studies was that MyBP-C was one of a very
limited subset of myofibrillar proteins that were phosphory-
lated when cardiac myofibrils were incubated with cAMP-de-
pendent protein kinase and [�-32]ATP (11–14). In contrast to
its effects on skeletal actin-activated myosin ATPase, the phos-
phorylated form ofMyBP-C appeared to be compromised in its
ability to stimulate cardiac actin-activatedmyosinATPase (15).
Thus, early on, it was apparent that MyBP-C displayed impor-
tant functional characteristics, some muscle isoform specific-
ity, an ability to be phosphorylated, and a non-homogeneous
sarcomeric distribution.
Three major developments underlaid the explosion of inter-

est in MyBP-C. First was the advent and widespread dissemi-
nation of the ability to isolate genes encoding complete sarco-
meric proteins and subsequently sequence the exons, giving us
the amino acid sequence(s) of the corresponding protein(s)
(16). Sequence analyses revealed that three isoforms of
MyBP-C, fast skeletal (MYBPC21, encoding 1141 amino acids),
slow skeletal (MYBPC1, encoding 1141 amino acids), and car-
diac (MYBPC3, encoding 1273 amino acids), are present in both
the human and mouse genomes (the mouse sequence lengths
are slightly different) (17, 18). The second major development
was the realization thatmutations in sarcomeric proteins could
directly underlie and cause major human muscle disease (19–
21). This lent urgency to the characterization of muscle protein
sequences, and molecular geneticists rapidly identified multi-
ple mutations in multiple sarcomeric proteins as causative for
important muscle diseases in general and cardiac disease in
particular (22–27). The list of sarcomeric protein mutations
continues to grow (28–30), but early on in general screens, it
was clear that causative mutations for cardiac disease were fre-
quently found in cardiacMyBP-C (cMyBP-C) isoforms (31, 32).
Although mutations in at least nine sarcomeric proteins are
known to cause hypertrophic cardiomyopathy (HCM), a ran-
dom screening of 108 HCM patients revealed a total of 34 dif-
ferent mutations, 18 of which were found in the cMyBP-C gene
of 20 patients (33). Importantly, cMyBP-C cardiomyopathy
more frequently presents late in life, often in the 5th to 6th
decades (34), and the slow progression of the disease gives the
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clinician decades to intervene if the patient can be identified
early, the risk of developing cardiomyopathy is accurately
assessed, and effective interventions can be developed. Identi-
fying new mutations remains a highly significant experimental
avenue, with new and potentially clinically important muta-
tions still being characterized (35). The third development was
the ability to make precise genetic modifications in mammals.

With the advent of transgenic technology using either pronu-
clear injection (36) or gene targeting (37), it became possible to
express mutant MyBP-C in the muscle of choice (38) or func-
tionally ablate it (39, 40), allowing cause and effect relationships
to be established in animal models that accurately reflected
human cardiomyopathies.
There have been a number of recent reviews covering differ-

ent aspects ofMyBP-C in detail (41–43), and so thisminireview
will focus on the signaling activities of cMyBP-C. The three
MyBP-C isoforms all share an overall similar structure inwhich
the protein is made up of repeats of fibronectin type III-like
domains and immunoglobulin-like (Ig) domains (Fig. 2). These
structural domains are often associated with extracellular pro-
teins that function in ligand recognition and cell-cell interac-
tions and signaling, but they are found in cytoplasmic proteins
as well, with a number of these intracellular proteins associated
with mechanotransduction and signaling to the nucleus (44).
However, among the three striated muscle isoforms, cMyBP-C
has structural characteristics that makes it a unique platform
for signaling, bothwithin themolecule itself and, by virtue of its
interactions with the other filament systems, within the sar-
comere, a modulator of overall contractile function. It contains
a unique “linker” domain between the C1 and C2 Ig domains
with multiple serines that can be reversibly phosphorylated in
vivo (45). It is well established that adrenergic stimulation and
regulation of catecholamine levels will result inmeasurable and
important effects, inducing positive chronotropic, lusitropic
(relaxant), and inotropic (contractile) effects in the heart.
Although there are, of course, other critical targets for PKC,
PKA, fiber-associated Ca2�/calmodulin-dependent kinase II
(CaMKII), and PKD in modulating these parameters (46), it is
well established that a subset of the contractile proteins are
important substrates, with troponin I (TnI), myosin light chain,

FIGURE 1. Sarcomere location of MyBP-C. The electron micrograph was
taken from the 1972 report on the Cold Spring Harbor Symposia on Quantita-
tive Biology (1) and is used with permission of the Cold Spring Harbor Press.
Shown is an electron micrograph of glycerinated rabbit psoas muscle that
was labeled with antiserum developed against MyBP-C: an area contained
within the MyBP-C staining region is magnified so that the serial lines of the
immunoreactive material are apparent. Shown below the micrograph is a
schematic diagram of a sarcomere that highlights the three filament systems:
the thick filament, which contains myosin; the thin filament, which contains
actin; and the third filament, titin. MyBP-C is located on each side of the
M-band and may associate with myosin in a collar-like structure consisting of
a trimer (48).

FIGURE 2. Domain structure of cMyBP-C. Shown is a schematic diagram outlining the different domains and their proposed interactions with the sarcomere
filament systems. The eight Ig-like domains (in green) and three fibronectin-like domains (in orange) are numbered sequentially. The cardiac-specific insert near
the N terminus is expanded to show the human and mouse sequences, and the three confirmed and conserved phosphorylatable serines within this region are
boxed, with the kinases that are currently thought to act upon them indicated below. The Pro/Ala-rich region is also shown, but this is highly divergent between
species (43), implying that the actin binding characteristics of cMyBP-C may be species-dependent. LMM, light meromyosin region of the myosin rod.
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titin, and cMyBP-C all capable of being phosphorylated by a
subset of these and other kinases, with dephosphorylation
mediated by the actions of specific phosphatases as well (47).
Beyond theC1 andC2domains are an additional 10 domains,

with the last region (C10) binding to the light meromyosin
region of the myosin rod and C9 and C10 binding to titin (Fig.
2). The actin and S2 (head region) myosin heavy chain-binding
regions lie at the N terminus of the protein. Domains in the
mid-region (C5–C8) have been hypothesized to interact with
one another, forming a trimeric “collar” that can constrain the
thick filament (48), but this model remains controversial.
Although the complete picture of the functionalmechanisms of
the protein remains obscure, it appears likely that the protein
plays important muscle type-specific structural and signaling
roles (49, 50). Unique among the isoforms, cMyBP-C can reg-
ulate the rate and extent of force development as well as cross-
bridge kinetics (42, 51, 52).
As noted above, the C5–C8 domains might form a trimeric

collar-like structure around the thick filament, regulating its
assembly and function. However, conflicting interpretations
exist for these data. X-ray diffraction-based fiber studies sup-
port a tether-like mechanism, in which the cMyBP-C C termi-
nus is oriented axially along the thick filament, with the N-ter-
minal C0 and C1 domains binding to actin such that the thick
and thin filaments are “tethered” to one another by the
cMyBP-C interactions (53). These data are not mutually exclu-
sive, and cMyBP-C could serve both as a collar and tether, con-
tributing to both sarcomeric structure and the kinetics and
mechanics of thick-thin filament interaction. Despite the ambi-
guity surrounding the physical arrangement of the molecule in
the sarcomere, it has clearly been demonstrated that cMyBP-C
has a role in decreasing the cooperative activation of filament
contraction and unloaded shortening speed (54), although
these effects are highly dependent upon the degree of calcium
activation (55, 56).
The possibility of MyBP-C interaction with other myofila-

ment proteins, as well as the exact sequences responsible for
binding to the three filament systems, is currently being
investigated. Recent data suggest that MyBP-C may act syn-
ergistically with the myosin regulatory light chain to
enhance cross-bridge formation by altering the interaction
of the myosin head with actin (57). This interaction appears
to be dependent upon the phosphorylation state of MyBP-C
and/or the regulatory light chain, thus providing another
method by which phosphorylation of sarcomeric proteins
modulates protein-protein interactions and affects the
kinetics of force development (57).
Additionally, the N terminus of MyBP-C may interact with

actin at multiple sites via multiple mechanisms. Shaffer et al.
(58) demonstrated in vitro binding of the C0–C2 region of
MyBP-C to actin, with domain-swapping co-sedimentation
experiments indicating that the C1-C2 linker region within
C0–C2 was sufficient for the association. Phosphorylation of
the C1-C2 linker decreased the interaction with actin, support-
ing the hypothesis that reversible binding ofMyBP-C to actin is
another method by whichMyBP-C affects cross-bridge cycling
kinetics (58).

Function of Phosphorylation

Whereas the skeletal muscle isoforms have a single site that
can be phosphorylated via PKA and/or CaMKII, the cardiac
isoform has four or even five potential sites (59), and a MyBP-
C-specific CaMKII is associatedwith the cardiac thick filament.
Although there may be additional phosphorylatable sites in the
protein (60), the three sites (17) located in the linker region at
Ser-273, Ser-282, and Ser-302 play significant roles inmodulat-
ing contractility via phosphorylation/dephosphorylation.
These sites are highly conserved between species, implying
functional importance. The different sites are not functionally
equivalent and show substrate preferences or even absolute
specificity for the different kinases (e.g. PKD phosphorylates
only Ser-302) (61). cMyBP-C phosphorylation can change both
filament orientation and contractile mechanics (49, 62). Ser-
282 is particularly interesting because when it is deleted or
mutated, total cMyBP-C phosphorylation is markedly de-
creased. Thus, Ser-282 phosphorylation may function as a
switch (17, 45), rendering the other phosphorylatable residues
more or less accessible to the relevant kinases. Taken together,
the data indicate non-equivalence of these three sites, and Ser-
282 appears to be unique both in terms of acting as a switch and
in being differentially phosphorylated during cardiac ischemia
and stunning (59, 63). However, it is generally accepted that
cMyBP-C phosphorylation plays a major role in the accelera-
tion of cross-bridge kinetics as a result of PKA activity. PKA-
mediated phosphorylation of MyBP-C results in decreased
myofilament Ca2� sensitivity and enhanced relaxation. In con-
trast, dephosphorylated MyBP-C is prone to degradation, and
its accumulation is accompanied by thick filament disruption,
decreased actomyosin cross-bridges, and depressed contractil-
ity (62, 64). In vitro, PKA can phosphorylate the three serines
present in the cardiac-specific linker region at residues 273,
282, and 302, whereas PKC phosphorylates only Ser-273 and
Ser-302 (65). Recently, the specific phosphorylation of Ser-302
by PKD was shown to accelerate cross-bridge kinetics in trans-
genic mice (61).
In isolated cases, it has been possible to ascribe specific func-

tions to the phosphorylated and dephosphorylated states. For
example, by replacing endogenous cMyBP-C with cMyBP-C
that could not be phosphorylated in the cardiac-specific
domain, Nagayama et al. (66) showed that the protein plays a
critical role in the filament interactions underlying sustaining
systole during ejection and the heart rate dependence of relax-
ation time.
The challenge of understanding the effects of adrenergic sig-

naling on cMyBP-C function is exacerbated by the activation of
multiple proteins targeted by the same kinases (67). Although
the in vivo kinase specificities remain incompletely resolved
with respect to the discrete phosphorylatable residues in
cMyBP-C, it is clear that cMyBP-C phosphorylation affects the
interactions of the protein with the thick filament and plays a
critical role in modulating its functions. Using in vitro systems,
we and others have found that cMyBP-C phosphorylation can
abolish the ability of cMyBP-C to interact with the S2 region of
the myosin heavy chain (45, 64, 68) but may enhance cMyBP-C
interactions with the thin filament (58, 69). Conversely, we
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found that dephosphorylation results in strong binding of
cMyBP-C to the myosin head (64), possibly preventing its
force-generating strong interaction with actin (although this
has not been shown in vivo). These alterations can affect
parameters such as rate of force development and stretch acti-
vation (70).
Some of these in vitro studies have been confirmed in vivo.

Ser-273, Ser-282, and Ser-302 were replaced either by the
charged amino acid aspartate (phosphomimetic) or by alanines,
which rendered the protein non-phosphorylatable. Each of
these constructs (AllP� and AllP�, respectively) was used to
replace endogenous cMyBP-C and then bred into a functional
cMyBP-C-null background (40) to understand whether a res-
cue of the null phenotype could be effected. We found that
cMyBP-C phosphorylation is essential for normal cardiac func-
tion, as AllP� efficiently rescued the null phenotype, whereas
AllP� could not (64, 68, 71). Reduced phosphorylation is
accompanied by contractile dysfunction and increased degra-
dation of cMyBP-C in mice (64), dogs (62), and humans.
In the mouse at base-line conditions, cMyBP-C is highly but

not completely phosphorylated. The degree of phosphorylation
is dramatically decreased when the heart is stressed either sur-
gically or through the creation of a genetic model leading to
heart failure (72). Strikingly, this hypophosphorylated state is
recapitulated in the stressed human heart as well. In studies
carried out in patients suffering from chronic atrial fibrillation,
Carrier and co-workers (73) found that cMyBP-C was prefer-
entially underphosphorylated. Other proteins associated with
the sarcomere such as TnI or phospholamban had either
unchanged or even enhanced phosphorylation. Similar results
were obtained in an independent study in which nine non-fail-
ing heart myectomy samples were compared with nine human
heart failure samples. Using back-phosphorylation, the authors
concluded that in normal human hearts, cMyBP-C is highly
phosphorylated, and these levels are reduced by 40–45% in
diseased or failing hearts (74). These data, taken together with
data showing hyperphosphorylation of one of the sites during
myocardial stunning (63), are all consistent with the functional
importance of cMyBP-C phosphorylation during cardiac stress
and at base-line conditions, whichwewere able to showdirectly
in the mouse models. Our recent studies confirm that total
cMyBP-C phosphorylation has a direct effect on contractile
properties and sarcomere organization and can also protect the
heart from ischemia/reperfusion injury (64, 68, 75).

cMyBP-C and Human Cardiac Disease

HCM is an autosomal dominant disorder with incomplete
penetrance and an estimated prevalence of 1:500. The clinical
features ofHCM include left ventricular hypertrophy (predom-
inantly involving the interventricular septum), left ventricular
outflow tract obstruction, diastolic dysfunction, and, at the
myocyte level,myofibrillar disarray and interstitial fibrosis (76).
In 1995, Watkins et al. (32) first reported the genetic linkage
between a putativeHCM locus on chromosome 11p (ultimately
identified as cMyBP-C) (77) in two HCM families. In one fam-
ily, a G3 C transversion occurred in a highly conserved splice
donor consensus sequence and was predicted to result in inac-
tivation of this donor site, leading to skipping of a 140-bp exon

and resulting in 976 normally coded residues, 37 novel residues,
and a premature truncation. In the second family, a tandem
duplication of six residues was predicted to disrupt a �-sheet
motif that forms the three-dimensional barrel configuration at
the C terminus. In both families, the high-affinitymyosin-bind-
ing domain in the C10 repeat was affected.
Since that initial report, �165 HCM-associated cMyBP-C

mutations have been reported in the literature (76). In large
HCM genotyping studies, mutations in cMyBP-C are among
the most commonly identified, composing �30–40% of suc-
cessfully genotyped cases (76, 78, 79). Althoughmost cMyBP-C
mutations result in C-terminal truncations of the cognate
mRNAs (and thus premature termination of the protein prod-
uct with altered titin- and/or myosin-binding regions), a num-
ber of single amino acid substitutions have been reported.
cMyBP-C mutations are typically associated with incomplete
penetrance, mild hypertrophy, a later age of onset, and, in gen-
eral, a more favorable prognosis than the HCM-linked muta-
tions found in at least eight other sarcomeric proteins (31, 35,
80). Cardiac pathology associated with cMyBP-C mutations is
not exclusively of the hypertrophic type, as cMyBP-C muta-
tions have been identified (albeit with a lesser frequency) in
dilated cardiomyopathy populations and in patients with left
ventricular non-compaction. Like the HCM-associated muta-
tions, these mutations most frequently result in either single
amino acid substitutions or nonsense mutations (81–83).
The structure-function relationships dictating the linkages

between a particular cMyBP-C mutation and the development
of cardiomyopathy are not always straightforward. Sequence
analysis of the first two mutations reported predicted altera-
tions in the C terminus of the protein. Thus, although the
cMyBP-Cmutant would be able to interact with some sarcom-
eric proteins, binding to themyosin heavy chain would likely be
defective, leading to the proposal of a dominant-negative dis-
easemechanism (32). However, despite the presence of the pre-
dicted alternatively spliced mRNA, truncated protein is almost
always absent in biopsy samples from cMyBP-C-related HCM
patients. Furthermore, several groups have noted a decrease in
the amount of full-length cMyBP-C, suggesting that cMyBP-C-
associated HCM is actually a state of haploinsufficiency (60,
84–86).
Considering the lack of detectable truncated cMyBP-C, why

mutations encoding truncated cMyBP-C are pathologic
remains a mystery. Although a number of HCM-associated
mutations in other sarcomeric proteins are thought to cause
disease by incorporation of themutant protein into the sarcom-
ere and subsequent alteration of sarcomeric function (the so-
called “poison peptide effect), that mechanism is less likely in
the majority of cMyBP-C mutations identified to date, as the
predicted gene product is present in only trace amounts. A
common association with cMyBP-C truncation mutations is a
decrease in the accumulation of normal cMyBP-C, despite the
presence of one wild-type allele. Recent studies provide evi-
dence that protein turnover may be altered by cMyBP-C trun-
cation, leading to changes in not onlyMyBP-Cprotein accumu-
lation but also other cellular components.
Eukaryotic cells have two primary protein degradation pro-

cesses: autophagy via lysosomes and the ubiquitin-proteasome

MINIREVIEW: Myosin-binding Protein C

9916 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 12 • MARCH 25, 2011



system (UPS). In general, the lysosomal pathway degrades
membranes and endocytosed proteins. Here, targeted proteins
are surrounded by a membrane, with the subsequent fusion of
this vesicle with a lysosome leading to lysosomal digestion and
amino acid recycling (87). In contrast, the UPS employs a com-
plex cascade whereby the protein is targeted for removal by
covalent binding of ubiquitin polymers and subsequent degra-
dation of the modified polypeptide by the 26 S proteasome
complex (88).
The lack of stoichiometric amounts of the truncated protein

implicated one or both of these processes. To explore the
potential intersection of the UPS and cMyBP-C-related HCM,
neonatal rat cardiomyocytes were infected with recombinant
adenovirus expressing either a long (3% truncated, termedM6t)
or a short (80% truncated, termed M7t) cMyBP-C element,
both of which have been identified in human HCM. Despite
mRNA levels comparable with those obtained with the normal
full-length cMyBP-C construct, the amounts of M6t and M7t
were reduced by 30 and 89%, respectively (89). The M6t trun-
cation incorporated only weakly into the sarcomere at the
A-band, whereas the M7t truncation was misincorporated at
theZ-disk and colocalizedwith ubiquitin-positive aggregates in
the cytosol. Lysosomal inhibition increasedM7t levels by 193%
but had no effect onM6t levels. In contrast, irreversible inhibi-
tion of proteasomal degradationwith lactacystin increasedM6t
andM7t by 135 and 737%, respectively. Reversible proteasomal
inhibition with MG132 also raisedM6t andM7t levels to those
expected for normal protein. By comparison, expression of nor-
mal MyBP-C was increased by just 40% with lactacystin and
15% with MG132 (89). Taken together, these experiments sug-
gest that the mutant cMyBP-C species are subjected to
enhanced proteasomal degradation.

Animal Models of cMyBP-C-related Cardiomyopathy

The consequences of mutant cMyBP-C expression have also
been addressed with genetically modified animals and were
recently reviewed by Barefield and Sadayappan (41). A number
of groups have utilized the general investigative paradigms of
either transgenic replacement or gene targeting “knock-in”
experiments to model human mutations expected to result in
the expression of truncated forms of cMyBP-C. The results
of these experiments reveal three primary concepts. First,
despite the demonstration of transcription from the mutant
alleles, truncated cMyBP-C protein is often present in only
trace amounts and is poorly incorporated into the sarcomere.
Second, at the ultrastructural level, mutants show grossly nor-
mal sarcomeric structure but, at the ultrastructural level,
exhibit subtle sarcomeric disorganization with features such as
altered H-zones, poorly defined M-lines, and lack of alignment
between sarcomere tiers. Third, anatomic and functional man-
ifestations are apparent in the intact animal and include
increased wall thickness, increased left ventricle dimensions,
decreased shortening fraction, increased susceptibility to ven-
tricular arrhythmias, and diminished exercise tolerance. The
features are usually most pronounced in the homozygous state,
and heterozygous animals are often phenotypically normal, a
finding consistent with the reports of more severe pathology in
humans possessing homozygous or compound heterozygous

cMyBP-C mutant alleles. Despite their more dramatic pheno-
type, homozygous mutant mice are present in litters at the
expected Mendelian ratio and are not only viable but also fer-
tile, indicating that cMyBP-C is not absolutely required for car-
diac development (40, 68, 90, 91).

Clinical Investigations of cMyBP-C-related HCM

The ability to genotype HCM patients has not only bene-
fited potentially at-risk family members but has also
informed our understanding of genotype/phenotype rela-
tionships in this disorder (81–83). The recent identification
of three cMyBP-C founder mutations (c.2827C�T encoding
R943X, c.2864_2865delCT, and c.2373dupG) responsible for
35–40% of HCM in TheNetherlands provides a relatively large
and homogeneous cohort of patients carrying the same muta-
tion (92). Protein electrophoresis of left ventricle septal tissue
from Dutch HCM patients with either the c.2864_2865delCT
or c.2373dupG mutation demonstrated absence of the pre-
dicted mutant cMyBP-C as well as a 33% decrease in the
amount of normal cMyBP-C as well, confirming the findings of
earlier, smaller clinical studies.
Permeabilized cardiomyocytes were isolated and used to

explore potential biomechanical differences between Dutch
HCM patients and control samples. HCM cardiomyocytes had
decreased maximal force and increased Ca2� sensitivity, the
latter finding consistent with altered cardiac TnI phosphoryla-
tion. The addition of PKAdid not restoremaximal force despite
restoring Ca2� sensitivity to normal levels. However, interpre-
tation of these experiments must take into consideration that
these results may not be attributable solely to cMyBP-C defi-
ciency but rather are likely influenced by compensatory mech-
anisms in the stressed myocardium. Regardless, these findings
support the hypothesis that derangement of sarcomeric pro-
teins leads to contractile dysfunction at the cardiomyocyte level
and ultimately to the development of HCM (86).

Perspectives

The fundamental interactions between thick and thin fila-
ments that underlie contractile function in the cardiomyocyte
have been considerably detailed and might be thought to rep-
resent a relatively “old” venue of cardiovascular research. How-
ever, there is much to learn before the complexities of
cMyBP-C function are understood. In addition to the contribu-
tion of cMyBP-C to thick filament stability and intrinsic func-
tion, it appears that this protein can act as an important signal-
ing node for a number of intracellular pathways. These systems
are as yet incompletely defined, but the data already show that
cMyBP-C influences and is influenced by at least some these
pathways. As such, cMyBP-C will continue to be an important
focus of research into the mechanisms and treatments of car-
diovascular disease.
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Oxidative stress is common in many clinically important car-
diac disorders, including ischemia/reperfusion, diabetes, and
hypertensive heart disease. Oxidative stress leads to derange-
ments in pump function due to changes in the expression or
function of proteins that regulate intracellular Ca2� homeosta-
sis. There is growing evidence that the cardiodepressant actions
of reactive oxygen species (ROS) also are attributable to ROS-
dependent signaling events in the sarcomere. This minireview
focuses on myofilament protein post-translational modifica-
tions induced by ROS or ROS-activated signaling enzymes that
regulate cardiac contractility.

Cardiac myofilament activation is tightly regulated by pro-
tein-protein interactions that convert the chemical energy of
ATP into the mechanical energy of muscle contraction. In the
healthy heart, these protein-protein interactions are precisely
tuned (largely through a series of orchestrated phosphoryla-
tions on myofilament proteins) to accommodate differences in
hemodynamic load during rest and exercise. Disease-specific
alterations in the post-translational modification of myofila-
ment proteins lead to miscommunication between sarcomeric
proteins and to contractile dysfunction.

Direct Reactive Oxygen Species-dependent
Modifications of Sarcomeric Proteins

Many models of oxidative stress lead to heart failure syn-
dromes that are not associated with changes in Ca2� homeo-
stasis and are likely attributable to reactive oxygen species
(ROS)2-dependentmodifications of sarcomeric proteins (1–6).
ROS-dependent proteinmodifications typicallymap to reactive
cysteines (cysteines flanked by basic or aromatic residues that
form thiolate anions and are susceptible to redoxmodifications
at physiological pH).
Studies in detergent-permeabilized cardiac fibers show that

ROS reduce Ca2�-activated force, with no immediate effect on

fibers in rigor (with inactive cross-bridges) (7), suggesting that
ROS act on regions of the myofilaments exposed by Ca2� acti-
vation and inaccessible in attached cross-bridges (and that ROS
do not induce nonspecific effects that disrupt the integrity of
the sarcomeric lattice). Some studies identify the myosin heavy
chain (MHC) as a redox sensor in the sarcomere because redox
modifications at Cys697 and Cys707 decrease myosin ATPase
activity and lead to myofilament dysfunction (6, 8–10). Other
redox modifications of proteins in the thin filament (actin and
tropomyosin (Tm)) also lead to defects in actin-myosin cross-
bridge formation and thin filament activation by Ca2� (11).
Cys374 in actin (which indirectly interacts with myosin) may be
particularly important because Cys374 oxidation results in
changes in maximum actomyosin ATPase activity and actin
filament sliding velocity (12). Cys374 also is the likely target of a
glutathionylation reaction that decreases Tm-actin binding
cooperativity and maximum developed force in permeabilized
trabeculae (13). Redox modification of Tm (in this case,
dimerization due Cys190 oxidation) is detected in ischemic pig
hearts and also may contribute to ROS-induced myofilament
dysfunction because it alters Tm flexibility and Tm-thin fila-
ment interactions (14, 15).
Titin (the giant sarcomeric protein that controls passive ten-

sion and functions as a molecular scaffold to recruit signaling
proteins that regulate mechanotransduction) also is ROS-sen-
sitive. Oxidative stress leads to the formation of one or more
disulfide bonds involving the titin N2-B domain (which con-
tains six Cys residues). This redox modification decreases the
extensibility of titin and increases its passive tension (16, 17).
Desmin is the main intermediate filament protein that forms a
network around sarcomeric Z-discs, links neighboring myofi-
brils, and connects myofilaments to other cellular structures
(nuclei, cytoskeleton, and mitochondria) (11). Redox-modified
(oxidized or nitrated) forms of desmin accumulate in insoluble
aggregates that disrupt the sarcomeric lattice, have a toxic
effect on the proteasome, and may contribute to contractile
dysfunction (18, 19).
MHC, cardiac troponin (cTn) T, Tm, actin, cardiac myosin-

binding protein C (cMyBP-C), myofibrillar bound creatine
kinase, and�-actinin are Tyr-nitrated following treatment with
peroxynitrite (20, 21). Actin, cTnC, cTnI, desmin, myosin light
chain, and Tm also are Tyr-nitrated in the aging heart in asso-
ciation with a decrease in contractile function (22). With the
exception of �-actinin (where Tyr nitration alters longitudinal
force transmission between adjacent sarcomeres) (21), the
functional consequences of individual sarcomeric protein Tyr
nitration remain unclear.

Sarcomeric Protein Phosphorylation

Myofilament activation is modulated through sarcomeric
protein phosphorylation. Because several sarcomeric proteins
are phosphorylated by ROS-sensitive enzymes, stimuli that
alter the intracellular redox state and shift the balance of cellu-
lar kinase versus phosphatase activity are predicted to alter car-
diac contractility. Sarcomeric proteins cTnI, cTnT, cMyBP-C,
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and titin are phosphorylated by ROS-sensitive enzymes. cTnI
contains functionally important phosphorylation clusters at
Ser23/Ser24, Ser43/Ser45, and Thr144 (as well as additional phos-
phorylation sites at Thr32, Thr52, Ser76/Ser77, Thr130, and Ser150
that are lesswell characterized) (23–25). cTnI Ser23/Ser24 phos-
phorylation is traditionally attributed to the �-adrenergic
receptor (�-AR)/cAMP pathway involving PKA. cTnI Ser23/
Ser24 phosphorylation reduces myofilament Ca2� sensitivity
and is required for the �-AR-dependent lusitropic response. In
some settings, cTnI Ser23/Ser24 phosphorylation also is attrib-
utable to PKG, various PKC isoforms, or PKC-activated
enzymes such as p90RSK and PKD (26–32). Ser43/Ser45 and
Thr144 are traditionally viewed as sites for phosphorylation by
PKC. Although recent studies show that Thr144 is a good in
vitro substrate for PKC� and Tyr-phosphorylated PKC� (27,
28), PKCs with cTnI Ser43/Ser45 kinase activity have not been
identified. In fact, several laboratories have reported that Ser43/
Ser45 is a relatively poor in vitro substrate for many PKC iso-
forms.Nevertheless,WTcTnI replacementwith a cTnImutant
harboring phosphomimetic substitutions at Ser43, Ser45, and
Thr144 leads to pronounced changes in contractile function in
transgenicmice, suggesting thatmyofilamentsmay be very sen-
sitive to PKC-dependent changes in cTnI phosphorylation (33).
cTnT phosphorylation at Thr206 (by PKC or Raf-1 but not by

PKA or PKG) (34, 35) results in decreased maximum force and
myofilament Ca2� sensitivity. PKC and ASK-1 also phosphor-

ylate cTnT at other sites (Table 1) (36, 37). Because phosphor-
ylation (or phosphomimetic substitutions) at sites other than
Thr206 does not lead to gross changes in mechanical function,
some have speculated that other post-translational modifica-
tions (PTMs) on cTnT might regulate its scaffolding function
(particularly because enzymes such as PKA and PKG phosphor-
ylate cTnI only when anchored to cTnT) (38, 80).
cMyBP-C phosphorylation at Ser273, Ser282, and Ser302 is

generally attributed to PKA and viewed as a mechanism that
decreases thick-thin filament interactions and increases force
generation (39). There is recent evidence that Ser302 (but not
Ser273 or Ser282) also is phosphorylated by PKC�, PKC�, and
PKD and that Ser302 phosphorylation alonemay be sufficient to
regulate contractile function (32, 40).
The titin elastic region (consisting of serially linked immu-

noglobulin-like domains, the N2-B element, and a PEVK
domain) is phosphorylated by PKA or PKG. PKA- or PKG-de-
pendent phosphorylation of human titin at Ser469 in the N2-B
element decreases the passive tension of titin (41, 42). PKG (but
not PKA) also phosphorylates titin at other sites that do not
influence its mechanical properties but could in theory control
docking interactions on the titin scaffold (42). PKC� phosphor-
ylates titin at two highly conserved sites in the PEVK region
(Ser11878 and Ser12022), leading to an increase in the passive
tension of titin (an effect opposite to the actions of PKA or
PKG) (43).

TABLE 1
ROS-induced modifications of cardiac sarcomeric proteins

Protein Modification type Major target site Functional effect Ref.

Actin Oxidation Cys374 2Myosin ATPase activity 11
2Actin filament sliding velocity 12
1F-actin depolymerization 13
2Tm-actin binding 10
2Maximum force 13

Tyr 2Contractile function 20, 22, 96
�-Actinin Oxidation Tyr 2Longitudinal force transmission 21
Desmin Oxidation Cys 2Proteasome degradation 18, 19

1Aggregate formation 18, 19
1Myofibrillar disarray 18, 19

Tyr 2Contractile function 22
MHC Oxidation Cys697/Cys707 1Myosin inhibition 8, 10

2Maximum force 7, 9, 10
Tyr 2Contractile function 20

cMyBP-C Oxidation Cys, Tyr 2Contractile function 9, 20
Phosphorylation Ser302 (PKA, PKC�, PKC�, PKD) 2Thin-thick filament interactions,1force generation 32, 39, 40

Titin Oxidation N2-B Cys 2Extensibility 16
1Passive tension 16

Phosphorylation Ser469 (PKA, PKG) 2Passive tension 41, 42
Ser11878/Ser12022 (PKC�) 1Passive tension 43

Tm Oxidation Cys190 2Contractile function 11, 14
2Flexibility 13, 15
2Binding to actin 14
2Assembly of actin�Tm complexes 15

Tyr 2Contractile function 20, 22
cTnI Phosphorylation Ser23/Ser24 (PKA, PKC, PKG, PKD, p90RSK) 1Ca2� dissociation from TnC 23–32

2Ca2� sensitivity
1Rate of relaxation

Ser43/Ser45 (PKC) 2Maximal force 33
Thr144 (PKC�, tyrosine-phosphorylated PKC�, Mst1) 1Myofilament Ca2� sensitivity 28
Thr32/Thr52/Thr130 (Mst1) Altered conformation 71
Ser151 (PAK-3) 1Myofilament Ca2� sensitivity 23

cTnT Oxidation Tyr 2Contractile function 22
Phosphorylation Thr206 (PKC, Raf) 2Maximal force 34, 36

2Myofilament Ca2� sensitivity
Thr197/Ser201 (PKC, ASK-1) May exacerbate the effect of Thr206 34, 37
Ser274/Thr287 (PKC) May exacerbate the effect of Thr206 34, 36
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ROS-dependent Regulation of Sarcomeric Protein Phosphor-
ylation—Oxidative stress typically increases protein phosphor-
ylation by inhibiting protein phosphatases and stimulating
protein kinases. The invariant Cys in the active sites of protein-
tyrosine phosphatases is highly susceptible to ROS-dependent
inactivation (44). ROS-dependent inactivation of protein-ty-
rosine phosphatases is sufficient to increase protein Tyr phos-
phorylation. However, ROS-dependent increases in Src activity
also are detected in cardiomyocytes and some other cell types
(45–47). Changes in protein Tyr phosphorylation typically
influence cell growth, survival, and differentiation rather than
sarcomeric protein phosphorylation. However, ROS-depen-
dent changes in protein Tyr phosphorylation indirectly influence
sarcomeric protein phosphorylation by activating Ser/Thr
kinases such as PKC and PKD (see below).
Oxidative stress also inactivates the Ser/Thr phosphatase

calcineurin (or protein phosphatase 2B) (48). Redox regulation
of calcineurin may impact transcriptional programs that regu-
late cardiac hypertrophy, but direct effects on the sarcomere
are unlikely because myofilament protein phosphorylation is
not disordered in transgenic mousemodels of altered calcineu-
rin activity (49). Rather,myofilament protein dephosphorylation
is generally attributed to PP1 (protein phosphatase 1) or PP2A.
Most studies have focused on PP2A, which co-immunoprecipi-
tates with cTnT and cTnI, co-localizes to the Z-disc with ROS-
sensitive enzymes (PKC�, PKC�, PAK-1, and p38 MAPK), and
contributes to dynamic changes in cTnI and cMyBP-C phos-
phorylation (50–53). The role of PP1-dependent sarcomeric
protein dephosphorylation seemsmore tenuous because trans-
genic mouse models of altered PP1 activity display changes in
phospholamban (but not cTnI) phosphorylation (54, 55). In
fact, the assumption that ROS inactivate PP1 and PP2A is not
supported by in vitro biochemical studies or cell-based studies,
which show that oxidative stress increases PP1 and/or PP2A
activity (56–59). This may be via an indirect mechanism
because several ROS-activated kinases (PKC�, PAK-1, and p38
MAPK) increase PP1 and/or PP2A activity (50, 52, 60). The
functional consequences of ROS-dependent changes in PP1 or
PP2A activity are difficult to predict because most studies have
scrutinized kinase (and not phosphatase)-mediated mecha-
nisms that regulate sarcomeric protein phosphorylation. This
minireview focuses on the ROS-dependent mechanisms that
regulate the various kinases that phosphorylate sarcomeric
proteins.
ASK-1—ASK-1 (apoptosis signal-regulating kinase-1) is a

ROS-regulated stress-activated MAPK kinase kinase that is
abundant in cardiomyocytes and acts as a redox sensor to acti-
vate effector pathways that regulate apoptotic/necrotic cell
death (61–65). ASK-1 contains a central kinase domain flanked
by N- and C-terminal regulatory domains. In resting cells,
ASK-1 activity is maintained at low basal levels as a result
of inhibitory interactions between the Ser967-phosphorylated
C-terminal regulatory domain and 14-3-3 proteins and be-
tween the N-terminal regulatory domain and reduced thiore-
doxin-1 (Trx1). Oxidation of Trx1 leads to the dissociation of
ASK-1�Trx1 complexes. Oxidative stress also leads to the dis-
sociation of the ASK-1�14-3-3 complex due to ASK-1 Ser967
dephosphorylation (presumably due to the activation of a ROS-

sensitive phosphatase) and/or 14-3-3 phosphorylation by a
ROS-regulated kinase (PKD, Mst (mammalian sterile 20-like
kinase) family kinases, or the catalytic fragment of PKC�) (66–
68). Once released from these inhibitory constraints, ASK-1 is
activated as a result of oligomerization and activation loop
(Ser845) autophosphorylation.

ASK-1 is activated by H2O2 or agonists for G-protein-cou-
pled receptors that increase ROS accumulation in vitro in car-
diomyocyte cultures and by pressure overload or myocardial
infarction in vivo in the intact heart (37, 68, 69). This
increase in ASK-1 activity contributes to ventricular remod-
eling by activating pathways involving JNK or NF-�B (69).
Recent evidence indicates that ASK-1 co-localizes with sar-
comeric structures, where it phosphorylates cTnT at Thr197
and Ser201 (37). Overexpression of the constitutively active
ASK-1�N deletion mutant leads to increased cTnT phos-
phorylation and decreased fractional shortening in cardio-
myocyte cultures (37).However, the role of cTnTphosphory-
lation in the cardiodepressant actions of ASK-1 remains
uncertain because (a) cTnT phosphorylation at Thr206 (not
Thr197 or Ser201) has been implicated in the control of thin
filament function, and (b) ASK-1�N overexpression also
decreases the Ca2� transient amplitude (34, 37).
Mst1—Mst1 is another ROS-activated Ser/Thr kinase that

activates p38MAPK/JNK and caspase-dependent mechanisms
that amplify apoptosis (70, 71). Mst1 also phosphorylates cTnI
and cTnT; cTnTphosphorylation is detected onlywhenMst1 is
anchored to cTnI. Mst1-dependent cTnI phosphorylation has
been mapped to Thr144 as well as novel sites (Thr32, Thr52, and
Thr130) that may influence the conformation of cTnI and its
binding affinity for cTnT and cTnC (71).
PKA—PKA holoenzyme is a heterotetramer composed of

two catalytic (C) subunits kept in an inactive conformation by
two cAMP-binding regulatory (R) subunits. PKA activation is
generally attributed to the �-AR/cAMP pathway; cAMP bind-
ing to the R subunit frees the C subunit to phosphorylate target
substrates. However, ROS-dependent mechanisms that regu-
late PKA also influence myofilament protein phosphorylation.
PKA holoenzymes are classified as type I or II based upon the

identity of their R subunit (RI or RII) that targets PKA to differ-
ent subcellular compartments through interaction with PKA-
anchoring proteins. Both PKA RI and RII subunits are ubiqui-
tously expressed in cardiac myocytes and were shown to
interact with myofilaments (38). The presence of two distinct
PKA isoforms anchored at the sarcomeres could impart a more
dynamic modulation of myofilament function in response to
varying cAMP levels, and the combined regulation could pro-
vide a more refined physiological response.
Oxidative modifications of the RI subunit (at a pair of reac-

tive cysteines not found in the RII subunit) result in the forma-
tion of interprotein disulfide dimers that display increased
affinity for�-MHC, translocate to themyofibrillar fraction, and
phosphorylate cTnI and cMyBP-C (72). This ROS-dependent
(cAMP-independent) mechanism involving type I PKA has
been linked to an increase in cardiac contractility.
Oxidativemodification of the C subunit at Cys199 (one of two

highly conserved Cys residues in the active sites of PKA and
other Ser/Thr kinases such as PKC, PKG, and AKT) has the
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opposite effect to decrease PKAactivity (73).Mutagenesis stud-
ies suggest that Cys199 does not directly influence catalytic
activity. Rather, the thiol modification at Cys199 indirectly
decreases catalytic activity by rendering the C subunit suscep-
tible to phosphatase-mediated dephosphorylation at Thr197, a
stable PTM at an adjacent site in the activation loop that is
required for kinase activity (74). Cell-based studies suggest that
similar thiol modifications may decrease activation loop phos-
phorylation and inactivate related kinases (such as PKC) (74).
PKG—PKG is activated by autocrine/paracrine stimuli that

increase NO and cGMP.Mammalian PKGs are homodimers of
identical subunits; each PKGmonomer contains anN-terminal
regulatory domain (consisting of an autoinhibitory pseudosub-
strate sequence, tandemcGMP-binding cassettes, and a leucine
zipper dimerization domain) and a C-terminal catalytic
domain. An autoinhibitory interaction between the pseudosub-
strate domain and the catalytic pocket maintains PKG in an
inactive/resting state; cGMP binding induces a conformational
change that relieves autoinhibition and permits activation.
Three molecular forms of mammalian PKG have been iden-

tified: PKGI� and PKGI� arise through alternative mRNA
splicing and differ only at their extreme N-terminal �100
amino acids (the dimerization domain), whereas PKGII is the
product of a different gene locus. Because PKGI is the major
isoform in cardiomyocytes, it is the focus of this discussion (75,
76). The distinct N-terminal homodimerization domains of
PKGI� and PKGI� underlie isoform-specific interactions with
docking proteins and cell substrates. Elements within the
dimerization domain influence the kinetics of cGMP binding
and PKG activation; PKGI� and PKGI� have identical cGMP-
binding cassettes, but PKGI� binds cGMP with 10-fold higher
affinity thanPKGI� (77, 78).Native PKGI has traditionally been
viewed as a constitutive dimer. However, a recent study chal-
lenged this assumption and showed that PKGI� dimerization is
a ROS-regulated mechanism; this study concluded that the
PKGI� dimers identified in previous studies are artifacts of oxi-
dation during sample preparation (79). PKGI� dimerization
results from disulfide bond formation between reactive Cys42
residues that abut in the enzyme homodimer; PKGI� does not
contain a reactive Cys at this position and is not ROS-sensitive.
The PKGI� dimers that accumulate during oxidative stress dis-
play a high level of cGMP-independent catalytic activity (79).
Moreover, whereas cGMP activates PKGI� by increasing its
maximum velocity (Vmax and not the Km for substrate), ROS-
activated (disulfide-linked) PKGI� dimers display a marked
(�10-fold) increase in Km for substrate. Some have speculated
that this ROS-induced increase in PKGI� affinity for substrate
underlies the ROS-induced change in PKGI� subcellular com-
partmentation in smooth muscle cells; ROS-activated/disul-
fide-linked PKGI� translocates to membrane and myofila-
ment fractions (which contain functionally important PKG
substrates). Future studies that examine the subcellular com-
partmentationandsubstratesofROS-activatedPKGI�incardio-
myocytes may be quite revealing, given evidence that a PKGI�-
docking interaction (via its homodimerization domain) with
cTnT is required for the rapid/efficient phosphorylation of
cTnI (80). PKG-targeting mechanisms may be critical for sub-
strate phosphorylation in cardiomyocytes, where PKG expres-

sion is quite low (�10-fold lower compared with PKA expres-
sion) (81), and the Vmax for cTnI phosphorylation by PKG is
12-fold lower than that for cTnI phosphorylation by PKA (82).
PKCs—PKCs are Ser/Thr kinases that are activated by

growth factor-dependent pathways that mobilize Ca2� and
promote diacylglycerol (DAG) accumulation. PKC isoforms
contain a highly conservedC-terminal catalytic domain and are
subdivided into three classes based on differences in their
N-terminal regulatory domains. The regulatory domains of
conventional or Ca2�-sensitive PKCs (�, �I/�II, and �) and
novel PKCs (in cardiomyocytes, PKC� and PKC�) contain a C1
domain (consisting of tandem Cys-rich sequences) that binds
lipid cofactors such as DAG and phorbol 12-myristate 13-ace-
tate (PMA). Atypical PKCs (� and i/l) contain an abbreviatedC1
domain (with only oneCys-richmotif) that binds phosphatidyl-
inositol 1,4,5-trisphosphate or ceramide but not DAG or PMA.
PKC activation is generally attributed to stimuli that promote
DAG accumulation and anchor the enzyme in its active confor-
mation to membranes. However, ROS-dependent mechanisms
that activate PKCs by oxidizing C1 domain Cys residues (which
disrupts autoinhibitory intramolecular constraints) also have
been identified (83, 84).
A ROS-dependent mechanism involving Tyr phosphoryla-

tion by Src specifically activates PKC� (and not other PKC iso-
forms). We recently demonstrated that Src phosphorylates
PKC� at Tyr311 in vitro and in H2O2-treated cardiomyocytes
and that Tyr311-phosphorylated PKC� accumulates in the
soluble fraction as a constitutively active lipid-independent
enzyme; this form of the enzyme is poised to phosphorylate
proteins in the sarcomere, not just on lipid membranes (85).
We showed that 1) allosterically activated PKC� phosphory-
lates cTnI at Ser23/Ser24, 2) Tyr311-phosphorylated PKC� phos-
phorylates cTnI at Ser23/Ser24 and Thr144, and 3) a PKC�
mutant harboring a Y311F substitution selectively phosphory-
lates cTnI at Ser23/Ser24 but not Thr144 (28). Functional studies
in detergent-skinned cardiomyocytes show that allosterically
activated PKC� depresses tension at submaximum but not
maximum Ca2�, as predicted for cTnI Ser23/Ser24 phosphory-
lation. Src-phosphorylated PKC� (which phosphorylates cTnI
at both Ser23/Ser24 and Thr144) depresses maximum tension
and cross-bridge kinetics; under these conditions, the effect of
cTnI Thr144 phosphorylation predominates.

Stimulus-specific differences in PKC� phosphorylation of
sarcomeric proteins have been identified in H2O2- and PMA-
treated cardiomyocytes (86). Here, PMA and H2O2 increase
cTnI and cMyBP-C phosphorylation via a PKC-dependent
mechanism, but only theH2O2-dependent increase in cTnI and
cMyBP-C phosphorylation requires Src, presumably reflect-
ing a role for Tyr-phosphorylated PKC�. PMA and H2O2
elicit distinct cTnI and cMyBP-C phosphorylation patterns
in PKC�-overexpressing cardiomyocytes, providing further
evidence that stimulus-specific differences in the PTM of
PKC� impact its enzymology and PKC�-mediated sarcom-
eric protein phosphorylation. In a more general sense, these
results caution against extrapolations regarding the cellular
actions of ROS-activated enzymes based upon studies that
examined myofilament protein regulation during signaling
by G-protein-coupled receptors. Stimulus-specific differ-
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ences in the subcellular compartmentalization, binding part-
ners, and enzymology of many signaling enzymes may
impact sarcomeric protein phosphorylation.
PKD—PKD consists of a family of Ser/Thr kinases that exert

important cardiac actions (87). PKDs contain an N-terminal
regulatory C1 domain (which targets the enzyme to DAG- or
phorbol ester-enriched membranes), an autoinhibitory pleck-
strin homology domain, and a C-terminal kinase domain. Ago-
nists that promote DAG accumulation activate PKD via a novel
PKC-dependent pathway that leads to PKD phosphorylation at
Ser744/Ser748 in the activation loop. Ser744/Ser748-phosphory-
lated PKD then autophosphorylates at Ser916, and it displays a
high level of activity toward heterologous substrates such as
cTnI and cMyBP-C (30, 31). PKD decreases myofilament Ca2�

sensitivity by increasing cTnI Ser23/Ser24 phosphorylation
(similar to the actions of PKA). PKD also accelerates cross-
bridge cycle kinetics. This effect does not require cTnI Ser23/
Ser24 phosphorylation (because it is preserved in cardiomyo-
cytes that express cTnI S23A/S24A in place ofWT cTnI); it has
been attributed to cMyBP-Cphosphorylation at Ser302, the only
site in cMyBP-C that is targeted by PKD (32).
PKD is activated during oxidative stress via a mechanism

involving the ROS-activated form of PKC� and the tyrosine
kinases Src and c-Abl; Src and c-Abl are not required for growth
factor-dependent PKD activation (88, 89). The current model

holds that c-Abl phosphorylates PKD at Tyr463 (in the pleck-
strin homology domain), leading to a conformational change
that permits Src-dependent PKD phosphorylation at Tyr95

(90). This generates a consensus binding motif for the C2
domain of PKC�, which activates PKD. ROS-activated PKD
phosphorylates CREB (cAMP-responsive element-binding
protein) in cardiomyocytes (91) and controls ASK-1, NF-�B,
and apoptotic cell death in other cell types (66, 92). A potential
role for PKD in redox regulation of sarcomeric protein phos-
phorylation has not been considered.

Conclusions

This minireview has summarized recent studies that identify
ROS-induced PTMs of sarcomeric proteins that lead to con-
tractile dysfunction (Fig. 1). Studies to date suggest that direct
oxidative modifications of sarcomeric proteins lead to a
decrease in force generation, whereas sarcomeric protein phos-
phorylation by ROS-activated enzymes decrease myofilament
Ca2� sensitivity. However, these conclusions are based largely
on experiments that rely on reductionist approaches to resolve
the functional consequences of myofilament protein phosphor-
ylation by a single ROS-activated enzyme or ROS-dependent
PTMs of a single contractile protein. Extrapolations to the in
vivo context must be made with caution for several reasons.

FIGURE 1. Schematic of Ca2�-dependent cardiac myofilament activation and ROS-induced PTMs that alter this process. At low Ca2�, actin-myosin
cross-bridges are inhibited (left). At high Ca2�, Ca2� binding to the regulatory site of cTnC induces a conformational change in cTnI causing disinhibition of
actin. This conformational change is transmitted to cTnT, which moves Tm and exposes a weak myosin-binding site on actin. Myosin binding to actin enhances
activation by pushing Tm farther away, leading to strong cross-bridge formation. This activation mechanism is regulated in a highly specific manner by
phosphorylation reactions on individual sarcomeric proteins. Myofilament activation and contractile function also are altered during oxidative stress due to
direct oxidative modifications (yellow stars) of specific sites on contractile proteins or ROS-induced changes in the activity of kinases or phosphatases that
regulate sarcomeric protein phosphorylation (P). MLC, myosin light chain; mN, millinewtons.
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1) An inherent assumption of studies in reductionist models
is that kinases act in a stereotypical fashion to phosphorylate a
fixed set of sarcomeric proteins (or consensus phosphorylation
sites within a given sarcomeric protein). The stimulus-specific
differences in cTnI phosphorylation by PKC� identified in our
studies emphasize that standard in vitro approaches may not
necessarily incorporate protocols that capture all regulatory
phosphorylations that control in vivo enzyme activity (or sub-
strate specificity). This approach also will not detect changes in
phosphorylation due to ROS-dependent modifications of myo-
filament proteins that alter the accessibility of phosphorylation
sites on individual substrate proteins.
2) ROS-dependentmodifications of sarcomeric proteins donot

occur in isolation. Rather, ROS-activated kinases typically phos-
phorylate multiple proteins in the sarcomere; many ROS-acti-
vatedenzymes also sit upstream in signaling cascades that regulate
effectors with Ser/Thr kinase activity. For example, PKC isoforms
activate PKD, p90RSK, and Raf-1; ROS-activated pathways involv-
ing PKD, PKC, or Mst phosphorylate 14-3-3 proteins, leading to
decreased inhibitory interactions with ASK-1. Progress in under-
standingROS-induced changes in contractile performance in vivo
must consider the ensemble actions of multiple ROS-activated
enzymes onmultiple sarcomeric proteins.
3) Oxidative stress may induce a spectrum of responses that

vary according to the identity of the free radical species, the
location of the ROS signal, and/or the level of oxidative stress.
This issue has been addressed directly in studies of redox reg-
ulation of PKA, where ROS shift the balance of cellular kinase
versus phosphatase activity in a dose-dependent manner. Low
levels of oxidant stress amplify PKA responses by inactivating
phosphatases that counteract PKA-dependent phosphoryla-
tions; high levels of oxidative stress inactivate PKA (presumably
due to direct Cys oxidation of the C subunit) and decrease sub-
strate phosphorylation (93).
4) The importance of a particular ROS-dependent protein

phosphorylationoroxidativemodificationmaybecontext-depen-
dent; it may be influenced by PTMs elsewhere in that particular
protein or in other proteins in the sarcomere. For example, cTnI
Thr144 phosphorylation alone has little effect on force generation
or Ca2� sensitivity, but Thr144 phosphorylation prevents Ca2�

desensitization due to cTnI Ser23/Ser24 phosphorylation (i.e.
Thr144 phosphorylation becomes functionally important in a
Ser23/Ser24-phosphorylated background) (94). Similarly, the func-
tional consequences of PKC-dependent cTnI Ser43/Ser45/Thr144
phosphorylation are amplified during acidosis (95). PTMs of sar-
comeric proteins that are inert under normal physiological condi-
tions and become functionally important only in a pathologic
microenvironment may represent novel therapeutic targets.
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21. Borbély,A., Tóth,A., Edes, I., Virág, L., Papp, J.G.,Varró,A., Paulus,W. J., van
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Schröder, E., Browning, D. D., and Eaton, P. (2007) Science 317, 1393–1397

80. Yuasa, K., Michibata, H., Omori, K., and Yanaka, N. (1999) J. Biol. Chem.
274, 37429–37434

81. Lincoln, T. M., Hall, C. L., Park, C. R., and Corbin, J. D. (1976) Proc. Natl.
Acad. Sci. U.S.A. 73, 2559–2563

82. Blumenthal, D. K., Stull, J. T., and Gill, G. N. (1978) J. Biol. Chem. 253,
324–326

83. Gopalakrishna, R., and Jaken, S. (2000) Free Radic. Biol. Med. 28,
1349–1361

84. Korichneva, I., Hoyos, B., Chua, R., Levi, E., and Hammerling, U. (2002)
J. Biol. Chem. 277, 44327–44331

85. Rybin, V. O., Guo, J., Sabri, A., Elouardighi, H., Schaefer, E., and Steinberg,
S. F. (2004) J. Biol. Chem. 279, 19350–19361

86. Avner, B. S., Hinken, A. C., Yuan, C., and Solaro, R. J. (2010)Am. J. Physiol.
Heart Circ. Physiol. 299, H723–H730

87. Avkiran,M., Rowland, A. J., Cuello, F., andHaworth, R. S. (2008)Circ. Res.
102, 157–163

88. Waldron, R. T., and Rozengurt, E. (2000) J. Biol. Chem. 275, 17114–17121
89. Waldron, R. T., Rey, O., Zhukova, E., and Rozengurt, E. (2004) J. Biol.

Chem. 279, 27482–27493
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Proteolysiswithin the cardiac sarcomere is a constantly evolv-
ing area of research. Three major pathways of proteolysis have
been identified as being active within the cardiac sarcomere,
namely the ubiquitin-proteasome system, autophagy, and the
calpain system. The role of ubiquitin-proteasome system-medi-
ated proteolysis in cardiovascular health and disease has been
known for some time; however, it is now apparent that other
proteolytic systems also aid in the stabilization of cardiac sar-
comere structure and function. This minireview focuses on the
individual as well as cooperative involvement of each of these
three major pathways of proteolysis within the cardiac
sarcomere.

Maintenance of the structure and function of the cardiac
sarcomere is essential to health and longevity. This is illustrated
by cardiovascular diseases (for example, the various cardio-
myopathies) and conditions in which an element of sarcomeric
dysfunction is central to the underlying pathology. Ensuring
proper function of the cardiac sarcomere requires precise con-
trol of protein synthesis, processing, and degradation. Protein
degradation (proteolysis) within the heart is achieved by three
main systems, which are illustrated in Fig. 1: 1) the ubiquitin-
proteasome system (UPS)2; 2) autophagy/lysosomal degrada-
tion; and 3) the calpain system. These three systems degrade
proteins using complementary yet distinct mechanisms. The
UPS functions by targeting specific proteins and labeling them
with multiple ubiquitin molecules, which then allows recogni-
tion and subsequent degradation by the 26 S proteasome. The
process of autophagy degrades larger structures that the UPS is
often unable to handle, such as damaged organelles and mis-
folded sarcomere proteins. Calpain-mediated proteolysis is
mediated by a family of calcium-dependent, non-lysosomal
cysteine proteases that are expressed ubiquitously within all
cells and whose function in muscle appears to involve both
atrophic and hypertrophic pathways. Together, these three sys-

tems play an essential role in the maintenance of sarcomeric
function in the face of physiological and pathological stimuli.
Although the study of proteolysis in the cardiac sarcomere is
not new (1–4), the identification of the specific mechanics
involved is still evolving, with much of what we know being
inferred from studies carried out in skeletal muscle. In this
minireview, we will take data from both skeletal and cardiac
muscle studies and use them to discuss some of the recent lit-
erature describing the individual and sometimes coordinated
roles of these proteolytic systems in the context of cardiomyo-
cyte function and dysfunction.

The UPS in Cardiac Proteolysis

The UPS plays a critical role in protein turnover in the heart,
mainly in association with cardiac atrophy, but also in the inhi-
bition of cardiac hypertrophy and remodeling associated with
cardiac stress (5–7). The UPS utilizes a series of enzymes to
construct covalently linked polyubiquitin chains on lysine res-
idues of targeted protein substrates that then “mark” these pro-
teins for degradation (Fig. 1) (8). Proteasomal degradation of
myofibrillar proteins was first demonstrated by Solomon and
Goldberg (9), who showed that purified myosin, actin, tro-
ponin, and tropomyosin can be degraded in a proteasome-de-
pendent process. Since then, it has been shown that up-regula-
tion of the expression and activity of various components of the
UPS is commonly associated with multiple models of skeletal
muscle atrophy, including nutrient deprivation, unloading, dia-
betes, uremia, and cancer (10–12). It is now also clear that the
UPS plays a significant role in atrophy occurring in the heart by
either physiological or pathological means (13).
The substrate specificity of the ubiquitination process occurs

at the level of the E3 ubiquitin ligases, which bind directly to the
protein that is targeted for degradation (Fig. 1) (14, 15). To date,
at least nine ubiquitin ligases have been described in the heart
(16). Included in this group are theMuRF (muscle RING finger)
family of proteins and atrogin-1/MAFbx (muscle atrophy
F-box) (10, 17–19), muscle-specific ubiquitin ligases that serve
both protective and possibly maladaptive roles in the develop-
ment of common cardiac conditions, including cardiac
atrophy.
MuRF Proteins—The three MuRF family members of ubiq-

uitin ligases localize to the M-line and Z-disc of the sarcomere
(17, 20, 21) and appear to play an important role in the regula-
tion of structure and function of skeletal and cardiac muscle.
Although the MuRF proteins share a high degree of structural
similarity and are capable of heterodimerizing, the functions
attributed to each of these ubiquitin ligases is quite different.
Whereas MuRF2 and MuRF3 are critical for maintenance and
normal contractile function (22, 23),MuRF1 is required to acti-
vate skeletal muscle atrophy (10) and inhibits pathological car-
diac hypertrophy (24) but has no identified role in normal car-
diac growth. MuRF3, the first MuRF family member to be
identified, associates withmicrotubules and plays an important
role in muscle development and integrity (17, 25). MuRF1 and
MuRF2 (but not MuRF3) interact with titin, troponin T, myo-
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tilin, myosin light chain (MLC) 2, and T-cap (26). However, so
far,MuRF1 is the onlyMuRF familymember closely implicated
in the regulation of myofibrillar proteolysis, having been linked
to both cardiac atrophy and hypertrophy.
The role of MuRF1 in muscle atrophy was first discovered

when its expression level was increased in several models of
skeletal muscle atrophy (10). Gene transcripts from the gastro-
cnemius muscle of mice subjected to denervation, immobiliza-
tion, unweighting, or exposure to the cachectic agents IL-1 and
dexamethasone (all inducers of atrophy) were analyzed for
changes in the pattern of transcription. MuRF1 (and atrogin-1/
MAFbx, discussed below) was up-regulated in all models of

atrophy, identifying this gene as an important regulator of skel-
etal muscle atrophy. Further proof of the involvement of
MuRF1 in muscle atrophy came with the finding that
MuRF1�/� mice fail to undergo muscle atrophy to the same
extent as wild-type mice following muscle denervation (10).
BecauseMuRF1 is also expressed in cardiac tissue, interest in its
ability to regulate cardiac muscle atrophy burgeoned following
the results obtained in atrophied skeletal muscle. This interest
was intensified with the discovery that MuRF1 protein levels
are increased in human cardiac tissue isolated from patients
undergoing therapeutic atrophy following placement of a left
ventricular assist device as treatment to decrease pressure over-

FIGURE 1. The integrated proteolytic system in the heart. Upper, specific sarcomere proteins (indicated as substrates) are recognized by E3 enzymes
(ubiquitin ligases) and ubiquitinated in a multistep process. This UPS involves an E1 enzyme that activates ubiquitin (Ub), which is transferred to one of many
E2 enzymes. The E3 enzyme (ubiquitin ligase) gives specificity to the ubiquitination process by interacting with specific substrates and then catalyzing the
transfer of the ubiquitin from E2 to the substrate in an ATP-dependent manner. Ubiquitinated substrates with canonical Lys-48 chains are then recognized by
the 26 S proteasome and targeted for degradation. Access to sarcomere substrates by ubiquitin ligases (E3) may require the proteolytic action of calpains or
caspases (indicated by the dashed arrow). Lower (adapted from Ref. 80), aggregated proteins unable to be degraded by the proteasome system, as well as
proteins in complex such as those making up the actomyosin complex, may be targeted in a parallel lysosomal pathway by the process of autophagy. Ubiquitin
labeling of proteins may also target proteins to the autophagosome for lysosomal degradation, assisting the UPS in clearing damaged or worn proteins. The
LC3 conjugation system modifies proteins with PE, which is localized to the inner and outer membranes of autophagosomes. Inner membrane LC3-PE is
degraded after lysosomes fuse with the autophagosomes. DUBS, deubiquitinating enzymes.
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load associated with heart failure (13). Subsequently, using two
differentmodels of cardiac atrophy, a definitive role forMuRF1
in the regulation of cardiac atrophy was determined. First, the
role of MuRF1 in therapeutic atrophy (i.e. reversal of hypertro-
phy) was verified using amodel of transaortic cuff (TAC) rever-
sal (13). Following the release of TAC in wild-type mice, hearts
return to base-line size as early as 4 days. However, in
MuRF1�/� mice, cardiac hypertrophy is only fractionally
reversed even after 4 weeks of TAC reversal, indicating that
MuRF1 is essential for this form of cardiac atrophy. The
involvement of MuRF1 in cardiac atrophy associated with a
decrease in muscle mass from the base line was also examined
in mice treated with a continuous infusion of dexamethasone.
Wild-type mice continuously infused with dexamethasone
undergo significant cardiac atrophy, losing a large degree of
cardiac mass (13). In comparison, MuRF1�/� mice are largely
impervious to dexamethasone treatment, having little to no loss
of cardiacmass. Interestingly, in the case of therapeutic atrophy
in humans and mouse models, as well as in dexamethasone-
induced cardiac atrophy, the levels of MuRF1 are significantly
elevated in cardiac tissue, consistent with the findings from
skeletal muscle studies.
The precise role that MuRF1 plays in muscle atrophy is not

known; however, recent studies suggest that MuRF1 may be
involved in the initial proteolytic destabilization of the myofi-
bril, thereby allowing subsequent degradation of the individual
myofibrillar component proteins in skeletal muscle. The semi-
nal study of Solomon and Goldberg (9) demonstrating protea-
somal degradation ofmyofibrillar proteins suggested that when
actin and myosin are in a complex, they are somewhat imper-
vious to proteasomal degradation. This study further suggested
that before the UPS can degrade the individual components of
the myofibril, the myofibril itself has to be disassembled or
destabilized. Aswill be discussed below, numerous studies have
been performed to identify the proteolytic agent or system
responsible for the initial degradation of the myofibril, with
both calpain and caspases being nominated as the cooperative
degradation system (Fig. 1) (27, 28). However, there is now also
some evidence to suggest that MuRF1 is capable of degrading
the constituent proteins of the myofibril. Extracts prepared
from denervation-induced atrophic gastrocnemius muscle
reveal that the first myofibrillar proteins to undergo MuRF1-
associated degradation are cardiac myosin-binding protein C,
MLC1, and MLC2, whereas the myosin heavy chain (MHC)
remains initially undegraded (29). The MLCs bind to the glob-
ular head of myosin, and evidence suggests that thick filament
stabilization requires MLC1 and MLC2 (30, 31). Although
MHC is initially protected from ubiquitination in myofibrils, it
eventually undergoes MuRF1-dependent degradation. These
results suggest a very different mechanism of myofibril proteo-
lytic degradation than what has previously been suggested, and
it remains to be determined whether this stepwise degradation
of support proteins (for example,MLC1 andMLC2) is essential
forMHCdegradation andmuscle atrophy. It also remains to be
determined how the degradation of the thin filament proteins
occurs, as in this study, the loss ofMuRF1 ubiquitin ligase activ-
ity did not impact their degradation. This in itself is an interest-
ing finding given the fact that cardiac troponin I (a thin filament

protein) has been identified previously as a MuRF1 substrate
(32). It is possible that this difference reveals a subtlety between
skeletal versus cardiac muscle atrophy.
Atrogin-1/MAFbx—Unlike MuRF1, no specific sarcomeric

protein substrates have been identified for atrogin-1/MAFbx.
However, mice deficient in atrogin-1/MAFbx fail to undergo
skeletal muscle atrophy to the same extent as wild-type mice,
suggesting that atrogin-1/MAFbx does play a role in proteolysis
of sarcomeric proteins, althoughwhether this is a direct or indi-
rect effect has not been established (10). Atrogin-1/MAFbx is
also involved in the inhibition of both calcineurin-dependent
and calcineurin-independent cardiac hypertrophy (33, 34).
Identifying the substrate(s) of atrogin-1/MAFbx and the spe-
cific role that this muscle-specific ubiquitin ligase plays inmus-
cle atrophy is an ongoing pursuit of investigators.

Autophagy in Cardiac Sarcomere Proteolysis

Autophagy is the process throughwhich proteins, organelles,
and invading pathogens are removed via lysosome-mediated
degradation. Although there is a constant low level of
autophagic activity under normal conditions (35), autophagy in
the heart is up-regulated in response to stressors such as ische-
mia/reperfusion (I/R) injury, cardiac hypertrophy, heart failure,
and nutrient deprivation (36). Autophagy requires a cascade of
evolutionarily conserved proteins (Atg proteins) that comprise
two conjugation pathways: 1) the Atg12-Atg5 pathway and 2)
the light chain 3 (LC3)-phosphatidylethanolamine (PE; or
Atg8-PE) pathway (Fig. 1) (37). Autophagy begins with the for-
mation of an isolationmembrane, which elongates in a stepwise
manner to eventually surround themolecule or organelle that is
slated for degradation in a double-membrane organelle called a
phagosome (Fig. 1). In order for this to happen, Atg12/Atg5 or
Atg8 (LC3) is conjugated to Atg7, Atg10, Atg5, or Atg3 via
lysine residues, forming complexes essential for the recruit-
ment of LC3 and the formation of the membranes needed to
form the phagosomes. Once the targeted protein or organelle is
fully contained, the inner membrane of the phagosome fuses
with the lysosome, thereby allowing degradation to occur.
Autophagy is an important mechanism in normal cardiac

function especially in aging, as well as an adaptive mechanism
used to withstand cardiac stress. The importance of autophagy
in normal cardiac function is illustrated by the phenotypes of
the numerous Atg-deficient mice that have been engineered.
Cardiac-specific deletion of Atg5 in adult animals results in
disorganization of the sarcomere and misalignment and aggre-
gation ofmitochondria, as well as cardiac hypertrophy, left ven-
tricular dilatation, and contractile dysfunction (38). In contrast,
cardiac-specific deletion ofAtg5 during cardiogenesis results in
no functional deficits (38). However, over time, these mice
develop signs of cardiac failure, with significant increases in left
ventricular dimension and a decrease in fractional shortening
(39). Ultrastructural examination of hearts fromAtg5-deficient
mice reveals disorganized sarcomeric structure as well as col-
lapsed mitochondria as early as 3 months of age, notably at a
time when cardiac dysfunction is not yet apparent. Interest-
ingly, severe cardiac dysfunction can be inducedmuch earlier in
Atg5�/� mice by induction of pressure overload (38).
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Autophagy is associated with both positive and negative
influences on cardiac function. It has long been known that
autophagy increases in the heart after I/R injury. Over 30 years
ago, an increase in autophagic vesicles was seen following I/R
injury to fetalmouse heart cells in culture (40). Numerous stud-
ies since then have alluded to the possibility that autophagy
represents a protective mechanism in the heart following I/R,
possibly by reducing cell apoptosis (41–43). HL-1 myocytes
subjected to I/R injury in culture exhibit increased cell death
when autophagy is inhibited and increased cell survival when
autophagy is enhanced (44). Likewise, cardiomyocytes sub-
jected to either I/R or glucose deprivation (a component of
ischemia) fair better when autophagic pathways are enhanced
rather than inhibited (45, 46).However, there are also reports of
autophagy promoting cell death after I/R injury. Isolated car-
diomyocytes in which the Atg protein Beclin-1 is blocked sur-
vive better after I/R insult than do cells in which the autophagic
pathway is left intact (47). Beclin-1 contains a pro-apoptotic
BH3 domain and becn1�/�mouse hearts exhibit reduced num-
bers of apoptotic cells following I/R injury, supporting the the-
ory that autophagy is in fact detrimental to cell survival follow-
ing I/R injury (46, 48, 49). These various reports suggest that
autophagy can have duel roles in the heart following I/R injury.
Indeed, it has been shown that autophagic pathways can be
protective in cultured cells following ischemia, yet continued
activation of autophagy can become detrimental at the onset of
reperfusion (46).
One of the triggers of autophagy within the heart is the accu-

mulation of protein aggregates (50). Protein aggregates can
form via a number of mechanisms, including the failure of the
UPS to clear ubiquitinated proteins (Fig. 1) (50). A link between
the proteasome and autophagy systems is nowwell recognized,
with studies demonstrating that ubiquitinated protein aggre-
gates can be substrates for autophagic degradation (51–53).
There are numerous reports demonstrating that inhibition of
the UPS leads to increased autophagy and that suppression of
autophagy leads to an increase in ubiquitinated protein aggre-
gates (54–56). It is worth noting, however, that many of these
studies were carried out in neuronal systems, so whether or not
these same mechanisms exist in muscle cells still remains to be
determined.
These studies demonstrate that there is cross-talk between

theUPS and autophagy systems; however, there is also evidence
of coordinated activity of these two systems that is regulated via
the same transcription factors yet is still functionally indepen-
dent of one another (57, 58). Myotubes transfected with a con-
stitutively active version of the forkhead transcription factor
FoxO3 exhibit heightened proteolysis that includes both pro-
teasomal and autophagic degradation (58). Forkhead transcrip-
tion factor proteins activate atrogin-1/MAFbx, increasing pro-
teasomal degradation associated with this ubiquitin ligase (59).
However, FoxO3a can also induce the expression of many
autophagy-related genes, including LC3b, Atg12l, Atg4b, and
bcn1, in both myotubes in culture and mouse muscles atro-
phied from either denervation or fasting (58). Hence, it is con-
ceivable that the processes of proteasomal and autophagic pro-
teolysis occur simultaneously in some tissues.

Calpain Involvement in Proteolysis within the Cardiac
Sarcomere

The calpain family of Ca2�-dependent, non-lysosomal cys-
teine proteases consists of at least 15 proteins, all of which are
coded for by an independent gene (60, 61). The two most well
studied forms of calpain are calpain-1 (�-calpain) and calpain-2
(m-calpain), named for their responsiveness to either micro-
molar or millimolar quantities of Ca2�, respectively (62). Both
of these calpains are found inmodest amounts within the myo-
cardium, where they have been linked to the degradation of
myofibrillar proteins such as the troponins, tropomyosin, and
titin (63–65). Another of the calpains, calpain-3 is specific to
skeletal muscle, where it has been proposed to aid in the disas-
sembly of the multiprotein complexes that make up the sar-
comere, prior to the UPS-mediated degradation of the individ-
ual sarcomeric proteins (66, 67).
The earlier studies by Solomon and Goldberg (9) demon-

strating that actin andmyosin, when in a complex, are resistant
to proteasomal degradation raised the possibility that the intact
myofibril must first be disassembled before degradation of the
component proteins can take place. Since that report, other
investigators have published studies that seem to support this
theory and suggest that calpains might be the degradative sys-
tem responsible for myofibril destabilization (Fig. 1). For
instance, HL-1 cardiomyocytes induced to tachy pace (mimick-
ing the effects of atrial fibrillation) exhibit a gradual yet signif-
icant decrease in cardiac troponins that is prevented by the
calpain-specific inhibitor PD150606 (68). Likewise, atrial tissue
isolated from patients suffering from atrial fibrillation demon-
strates a striking correlation between the degree of cardiac tro-
ponin degradation and the level of calpain activity. Interest-
ingly, in both the tachy-paced myocytes and the isolated atrial
tissue, actin is spared from calpain-mediated degradation, sug-
gesting that the targeting of troponin by calpain is a preliminary
step in myofibrillar degradation, with proteolysis of actin and
myosin being carried out by another proteolytic system. Evi-
dence for this theory of combined action of the proteasomal
and calpain systems has previously been reported in the process
ofmuscle remodeling in response to altered contractile activity,
injury, and eccentric exercise (69–72). In a mouse model of
muscle remodeling, in which non-pathological atrophy is
induced followed by stimulation ofmuscle regrowth,mice defi-
cient in the muscle-specific calpain-3 exhibit deficits in both
the rates of atrophy and regrowth compared with wild-type
mice (67). Whereas muscle reloading induces an elevation in
both ubiquitinated proteins and calpain-3 in the muscles of
wild-type mice, muscles isolated from calpain-3-deficient mice
exhibit no increase in ubiquitination at the reloading stage, sug-
gesting that calpain is necessary for ubiquitination ofmyofibril-
lar proteins and that it acts upstream of the UPS (67).
Further support for the theory of cooperation between the

calpain system and proteasomal degradation of sarcomeric
proteins comes from studies using cultured cardiomyocytes in
which calpain-1 is expressed via adenoviral transfection (73).
These cells exhibit heightened proteolysis of specific substrates
(including desmin and troponin I), increased overall protein
ubiquitination, and accelerated protein turnover, all of which
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can be inhibited by coexpression of the endogenous calpain
inhibitor calpastatin (73). Likewise, transgenic mice overex-
pressing cardiac calpain-1 exhibit substrate-specific proteolytic
activity, including hyperubiquitination of cardiac proteins and
increased 26 S proteasome activity. Conversely, loss of endoge-
nous cardiac calpain expression in transgenicmiceoverexpressing
the inhibitor calpastatin decreases ubiquitination of myocardial
proteinswithout actually affecting the overall proteasome activity,
suggesting that the calpain contribution to proteolysis in this
instance is upstream of UPS involvement (73).
There is also evidence refuting a role for calpain inmyofibril-

lar destabilization prior to proteasomal degradation. Dystro-
phin-deficient mice overexpressing the calpain-specific inhibi-
tor calpastatin exhibit the same degree of muscle wasting as
dystrophin-deficientmice in which calpain is active, suggesting
that the muscle atrophy associated with this mutation occurs
independently of calpain-induced proteolysis. Similarly, in
lysates of L6 muscle cells treated with staurosporine to induce
caspase-3 activation, actin fragments can be isolated but only
when the proteasome inhibitor MG132 is added to the incuba-
tion medium (presumably when the proteasome is left acti-
vated, it degrades the actin fragments) (27). The addition of the
caspase inhibitor acetyl-DEVD-aldehyde to the medium pre-
vents the accumulation of actin fragments in L6 muscle cell
lysates, whereas calpain inhibitor 1 has no effect (27). Interest-
ingly, this effect of activated caspase is thus far seen only in
muscle proteolysis associated with catabolism. When calcium-
activated proteases such as calpains are inhibited in isolated
muscle preparations from rats subjected to a number of cata-
bolic conditions (starvation, acidosis, muscle denervation, can-
cer), the rate of proteolysis is not suppressed, suggesting that
alternative proteolytic pathways are in effect (74–78). Skeletal
muscle isolated from rats that have been made acutely insulin-
deficient exhibits a decrease in PI3K activity that leads to an
increase in caspase-3 activity (79). The decrease in PI3K in insu-
lin-deficient muscle also leads to an increase in atrogin-1/
MAFbx expression and activity via the stimulation of FoxO
proteins as described above. In addition, as mentioned previ-
ously, MuRF1 is capable of degrading sarcomeric proteins from
isolated mouse myofibrils including elements of the myosin thick
filament, thereby contradicting the earlier premise that actomyo-
sin complexes cannot be degraded by the UPS alone (29).

Summary

Proteolysis of the sarcomere and its component proteins
occurs through the coordinated efforts of the UPS, the process
of autophagy, and the activity of proteases such as calpain and
caspases. Numerous studies have described the integral role of
muscle-specific ubiquitin ligases and their targeted degradation
of sarcomeric proteins in the regulation of many common car-
diovascular diseases. Similarly, autophagy is considered a nec-
essary process for the normal physiological workings of the
heart, although its role (either beneficial or destructive) in car-
diovascular diseases is still under scrutiny, with data linking the
autophagic pathway of proteolysis to a number of cardiac
pathologies, including hypoxia, I/R injury, myocardial infarc-
tion, and end-stage heart failure. Finally, sarcomeric proteolysis
via calpain and caspase activation may be involved to coopera-

tively degrade proteins to allow their access to the UPS. Several
lines of evidence have demonstrated that calpain and caspase
activity cleaves the actomyosin sarcomere complex to release
actin, allowing the UPS access to degrade specific sarcomere
components. There is also accumulating evidence demonstrat-
ing that the individual processes of proteasomal and autophagic
degradation work in concert to maintain protein quality con-
trol in various tissues, including the sarcomere, although the
exact nature of the relationship between these proteolytic sys-
tems remains to be elucidated. Likewise, many of the details
involving the interplay between the UPS and the calpain and
caspase enzymes need to be better understood in terms of both
normal maintenance of the sarcomere and cardiovascular dis-
eases. Identifying and understanding the individual and coop-
erative roles that each of these proteolytic pathways plays in
cardiovascular maintenance and health allow for the develop-
ment of specifically targeted therapeutics that may be useful in
the treatment of cardiovascular disease processes with a pro-
teolytic element. This idea has already been tested with the use
of proteasome inhibitors for certain cardiovascular diseases.
However, the variable success of this treatment is perhaps
reflective of the complex nature of proteolysis in the cardiac
sarcomere.
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Homeostasis of cardiac function requires significant adjust-
ments in sarcomeric protein phosphorylation. The existence of
unique peptides in cardiac sarcomeres, which are substrates for
a multitude of kinases, strongly supports this concept (1). We
focus here on the troponin complex of the thin filaments, which
contain twomajor proteins that participate in these phosphoryl
group transfer reactions: the inhibitory protein (cardiac tro-
ponin (cTn)2 I) and the tropomyosin (Tm)-binding protein
(cTnT). We describe the relatively new understanding of the
molecular mechanisms of thin filament-based control of the
heartbeat and how these mechanisms are altered by phosphor-
ylation. We discuss new concepts regarding the relation between
the beat of the heart and the location of thin filament proteins and
their long- and short-range interactions.We also discuss elucida-
tion of mechanisms by which these phosphorylations exacerbate
orameliorateeffectsofmutations in themyofilamentproteins that
are linked to familial cardiomyopathies.

Thin Filaments during the Relaxed State

Fig. 1 depicts an A-band region of the cardiac thin filament
functional unit in the diastolic and systolic states. In diastole,
force-generating reactions of cross-bridges with actin are
inhibited, ATP hydrolysis is relatively low, and the sarcomere is
relatively extensible (2). Properties of the giant protein titin
dominate the compliance of the relaxed sarcomere (3). Interac-
tions of thin filament regulatory proteins, the troponin hetero-
trimeric complex, and Tm hinder the actin-cross-bridge reac-
tion and establish the B-state. Calcium binding to a single
regulatory site on cTnC triggers a release from this inhibited
state bymodifications of interactions among actin, Tm, andTn.
Evidence derived from the core crystal structure of cardiac

Tn (4), from elucidation of the structures by NMR (5), from
biochemical investigations of protein-protein interactions (6,
7), and from reconstructions and single-particle analysis of
electron micrographs of reconstituted myofilament prepara-
tions (8, 9) provided the basis for the illustration in Fig. 1 (see

Ref. 6 for a review). Apart from the lack of a thin filament lattice
in the Tn core crystal structure, there was no structural infor-
mation on significant regions, including the tail region of cTnT,
an inhibitory peptide (Ip; which tethers cTnI to actin), the
unique N-terminal peptide (�30 amino acids), and portions of
the far C-terminal domain of cTnI. Thus, Fig. 1 (upper) shows
binding of cTnI to actin via two regions, the highly basic Ip and
a second actin-binding region. Importantly, these regions flank
a switch peptide, which binds to cTnC when Ca2� binds to the
N-terminal lobe of cTnC, which houses the regulatory Ca2�-
binding site, thereby participating in the mechanism by which
Tn releases the thin filament from inhibition.
The C-terminal mobile domain of cTnI beyond the second

actin-binding site may also participate in establishing the
relaxed state. Two observations point to this possibility. The
first is a report of results from reconstructions and single-par-
ticle analysis of electron micrographs indicating that that the
C-terminal mobile domain of cTnI lays across azimuthally
localized actins and potentially binds directly to Tm (9, 10).
These structural studies on the role of the mobile domain indi-
cated that the cTnI C terminus is an important element in driv-
ing Tm to its blocking state along the actin outer domain. The
second is a report by Mudalige et al. (11) providing direct evi-
dence for the proximity between theC-terminalmobile domain
and Tm from photochemical cross-linking studies with Tm
labeled at position 146 or 174. Tm-146, but not Tm-174, cross-
linked to the fast skeletal TnI peptide 157–163 (DVGDWRK),
which corresponds to a nearly identical C-terminal peptide in
cTnI (EVGDWRK), in a Ca2�-dependent manner.

There is now strong evidence that the hypervariable N-ter-
minal tail of cTnT is also an important element in establishing
the diastolic state. A study by Tobacman et al. (12) emphasized
the importance of the N-terminal tail in the relaxed state by
demonstrating that the tail domain cTnT-(1–153) alone is able
to induce a blocked state of the myofilaments in the complete
absence of cTnI. Single-particle analysis and reconstructions of
electron micrographs also demonstrated that, at low Ca2�, Tm
is wedged between cTnI actin-binding peptides and the tail of
cTnT from the Tn complex in register on the opposite actin
strand (8, 9). Although binding of cTnT to Tm gave this Tn
component its name, interactions with other components of
the cTn complex are highly dependent on cTnT, which acts as
a scaffold by directly binding to both cTnI and cTnC through a
rigid coiled coil, the I-T arm (4). The stability of the I-T arm
predicted from the core crystal structure has been verified by
studies of dynamic mapping of amide hydrogens employing
hydrogen/deuterium exchange, which show the I-T arm as one
of a few tightly folded regions in the solution structure of cTn
(13). The other region is helix 1 of cTnI, which interacts with
the C-terminal lobe of cTnC.

Thin Filaments during the Active States

Ca2�-triggered protein-protein interactions engage a com-
plex process releasing thin filaments from inhibition and
actively promoting force-generating interactions between

* This work was supported, in whole or in part, by National Institutes of Health
Grants HL 62426, HL 64035, and HL 22231 (to R. J. S.) and HL 082923 (to
T. K.). This is the sixth article in the Thematic Minireview Series on Signaling
in Cardiac Sarcomeres in Health and Disease. This minireview will be
reprinted in the 2011 Minireview Compendium, which will be available in
January, 2012.
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myosin cross-bridges and actin. The Ca2� sensor is cTnC,
which contains EF-hands, calcium-binding sites with consen-
sus sequences forCa2� andMg2�binding. TheN-terminal lobe
of cTnC contains nonfunctional site I and functional site II
(regulatory site). The C-terminal lobe contains sites III and IV
(14). Sites III and IV bind Ca2� or Mg2� with relatively high
affinity and slow exchange (15, 16). Metal binding to these sites
anchors cTnC to the myofilaments by its tight interaction with
a near N-terminal region of cTnI-(34–71). Site II binds Ca2�

with relatively low affinity and exchange fast enough to occur
within the beat of the heart (17, 18).
Calcium binding to the single regulatory site triggers con-

traction by opening a hydrophobic patch at the N-terminal
lobe. In the absence of the rest of the thin filament proteins,
there is a relatively minimum exposure of the hydrophobic

patch with calcium binding (19). Full exposure requires cTnI
and can be induced by the switch peptide alone (20). The obser-
vation that the calcium-dependent opening of the hydrophobic
patch on the N-terminal lobe of cTnC requires the presence of
the cTnI switch peptide provided evidence for a unique role of
cTnI in activation of cardiac myofilaments. In contrast to the
case with fast-twitch TnI, the interaction of the switch peptide
of cTnI with cTnC does not appear to involve an interaction
with the D/E linker. Moreover, hydrogen/deuterium exchange
analysis indicated the D/E linker to be relatively dynamic (13).

Thin Filament Signaling and Cooperative Activation

An important aspect of thin filament signaling and signal
transduction is that despite control by a single regulatory Ca2�-
binding site on cTnC, the dependence of tension on Ca2� is
steeper than predicted by a non-cooperative binding isotherm.
Hill coefficients for the steady-state relation are commonly
3–5.Onepossiblemechanism for this steep relation is the inter-
action between neighboring functional units consisting of
actin/Tm/Tn at a 7:1:1 ratio. Thus, the signal generated with
the Ca2� bound to Tn spreads along the thin filament or may
even spread to the Tn complexes in register on adjacent actin
strands (21). Detailed balance dictates that the promotion of
energies of interaction in the direction from calcium-cTnC to
actin-myosin also occur in the direction from actin-cross-
bridge back to cTnC. It is well known that binding of rigor
cross-bridges to the thin filament increases the Ca2�-binding
affinity of cTnC (17). A dominant and appealing theory is that
force-generating cross-bridges reacting with the thin filament
also promote interactions within a functional unit and between
near-neighbor functional units. However, most of the evidence
for this has been developed not with force-generating but with
rigor (22) or strongly bound non-cycling cross-bridges in the
form of N-ethylmaleimide-modified myosin heads (2, 23, 24).
Recent studies by Sun et al. (25) have emphasized the possibility
that rigor or N-ethylmaleimide-modified cross-bridges may
not affect the thin filament the same as strong force-generating
cross-bridges (reviewed in Refs. 26 and 27). The theory
advanced by Sun et al. is that cooperative spread of activation is
dominated by processes at the level of the thin filaments. Their
studies employed fluorescent probes to sense the on-state of
specific sites of cTnC in force-generating skinned fiber bundles.
These states remained the same whether or not cross-bridges
were reacting in the presence MgATP with the thin filament.
Data demonstrating cooperative binding isotherms of calcium
binding to cTnC in reconstituted thin filaments support this
concept (28, 29).

Phosphorylation of cTnI: Cardiac-specific N-terminal
Extension

Phosphorylation of cTnI has been extensively reviewed (1,
30); we focus here on recent data indicating novel intra- and
intermolecular interactions associatedwith these phosphoryla-
tions in thin filament signaling. PKA, as well as PKD and PKG,
phosphorylates cTnI at Ser23 and Ser24 (1), whereas PKC� and
PKC� phosphorylate these as well as other cTnI sites (31–34).
These two sites appear to be the only sites that are phosphory-
lated at basal physiological levels of activity in mouse and pig

FIGURE 1. Ca2�-triggered alterations in thin filament structure and state.
Upper left, relaxed state; upper right, active state. In the relaxed state, Tm is
immobilized and positioned to impede force-generating reactions of myosin
cross-bridges with actin. This position of Tm is imposed by actin-binding pep-
tides (hatched) of cTnI (green). The C-terminal mobile domain of cTnI may also
bind directly to Tm. The immobilization of Tm is also imposed by the tail
region (blue stripes) of the cTnT N-terminal tail arising from a Tn complex on
the opposite actin strand. With Ca2� binding to cTnC (red), a hydrophobic
patch peptide is formed, which promotes an interaction with the cTnI switch
peptide (SwP), which is flanked by actin-binding peptides and which triggers
release of the tethering of cTnI to actin-Tm and cTnT. The release of Tm from
an immobilized state exposes sites on actin for force-generating reactions
with cross-bridges. Sites of phosphorylation are indicated as stars (upper
right) and also in the illustration of the Tn complex (lower panel). See text for a
further description.
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hearts (35, 36). Earlier studies using synthetic peptides derived
from the PKA sites in the N-terminal extension of cTnI dem-
onstrated that the phosphorylation of these residues is ordered
with Ser24 as the first residue to be phosphorylated (37–39);
monophosphorylation of the peptide at Ser23 was not detected.
Zhang et al. (40) also reached the same conclusion in experi-
ments in which a cTnI mutant in which one of these Ser resi-
dues was replaced with Ala was treated with PKA. More
recently, however, studies using top-down electron capture dis-
sociation and electron transfer dissociation mass spectrometry
(41) demonstrated that phospho-Ser24 was found only in the
bisphosphorylated species of cTnI isolated from human tissue.
Although more studies are needed to address this issue, the
involvement of phosphatases at basal phosphorylation levels
under physiological conditions in vivo has been considered as a
possibility. Phosphatases may dephosphorylate Ser24 faster
than Ser23, resulting in a faster turnover rate of the phosphory-
lation/dephosphorylation state of Ser24. It has been well docu-
mented that phosphorylation of these two sites results in cal-
cium desensitization, an increase in the relaxation rate, and an
increase in the cross-bridge cycling of heart muscle myofila-
ments (40, 42–45), although studies of skinned myocardium
from transgenic mice lacking myosin-binding protein C
(MyBP-C), another substrate for PKA in myofilaments, and/or
expressing non-PKA-phosphorylatable cTnI indicate that PKA
phosphorylation of cTnI is responsible for calcium sensitivity
and that phosphorylation of MyBP-C is responsible for
enhanced cross-bridge cycling (46).
It is critical to delineate the structural information on the

N-terminal extension relative to other Tn components to
understandmolecularmechanisms underlying these functional
consequences. TheN-terminal extension of cTnI interacts with
the N-terminal lobe of TnC and modifies the conformational
states of the N-terminal lobe of TnC (47, 48). With phosphor-
ylation, there is a depression of the affinity of the cTnI N-ter-
minal extension and the N-terminal lobe of cTnC (47–50). Evi-
dence also indicates that that the N-terminal extension of cTnI
is located close not only to theN-terminal lobe of cTnCbut also
to the switch region of cTnI. Warren et al. (51) reported intra-
molecular cross-linking between cTnI at amino acid 5 or 18 and
the switch region of TnI in the Tn complex. Ward et al. (52)
determined which amino acid residues of the N-terminal
extension participate in the interaction with cTnC. They gen-
erated a series of N-terminal deletion mutants of cTnI and
measured calcium-dependent ATPase activities before and
after PKA treatment. The deletion mutants up to position 18
were phosphorylated by PKA at the same rate and to the same
extent as wild-type cTnI. The �pCa50 values of ATPase activi-
ties before and after PKA treatments were similar and sub-
stantial for all of the deletion mutants up to position 15, indi-
cating that residues 1–15 of cTnI play only a minor role in
transmitting the phosphorylation signal to other myofilament
proteins. Ward et al. (53) also showed that peptide residues
1–18 of cTnI do not bind to cTnC.NMR studies (53, 54), as well
as previous studies (37), demonstrated that PKA phosphoryla-
tion at Ser23 and Ser24 produced only localized structural effects
in segment residues �25–35.

A more detailed picture of the intermolecular interactions
between the N-terminal extension and the N-terminal lobe of
cTnC and the intramolecular interactions within TnI was pro-
posed by Howarth et al. (5). They determined the solution
structure of the bisphosphorylated N-terminal extension (resi-
dues 1–32) of cTnI andmodeled the N-terminal extension into
the crystal structure of the core domain of cTn (4) based on
bioinformatics analysis and previous small angle scattering
experiments. According to their model, the N-terminal exten-
sion interacts with cTnC near Leu29, as also demonstrated in
peptide array experiments (55) with cTnI in a non-phosphory-
lated state. Upon bisphosphorylation, cTnI undergoes rela-
tively drastic conformational transitions, resulting from a
hinge-like movement within residues 33–42. Molecular dock-
ing experiments designed for maximum interactions of the
N-terminal extension with opposite polarity showed that the
acidic residues in the N-terminal end, such as Asp3, Glu4, Asp7,
and Glu11, interact with the basic residues in the inhibitory
region, suggesting intramolecular interactions. Photo-cross-
linking experiments in the presence of Ca2� showed that ben-
zophenone attached to Cys5 or Cys19 cross-linked to the switch
region of cTnI in the non-phosphorylated cTn complex, indi-
cating that the N-terminal extension exists in an equilibrium
between these two proposed structural states without phos-
phorylation (51).
Although induction by phosphorylation of cTnI at Ser23/

Ser24 of a straightforward depression of Ca2� affinity of the
cTnC regulatory site has been proposed to account for
increased release of Ca2� from cTnC and enhanced relaxation,
another mechanism was proposed by Baryshnikova et al. (56).
As indicated above, phosphorylation of Ser23 and Ser24 modi-
fies the conformational states of the N-terminal lobe of cTnC.
They found that the presence of phosphate groups at Ser23/
Ser24 does not affect calcium binding to the regulatory site of
cTnC whenmeasured in the presence of peptide residues 1–29
of the N-terminal extension of cTnI. With or without the pep-
tide or the bisphosphopeptide, the association constant for the
regulatory site was determined to be �2 � 105 M�1. Barysh-
nikova et al. proposed that bisphosphorylation of peptide resi-
dues 1–29 modifies the affinity of the switch region of cTnI for
the N-terminal lobe of cTnC and hence the relaxation rate.
Another possibility was proposed on the basis of solution
ATPase activity assays. Deng et al. (57) and Lu et al. (33) dem-
onstrated that PKA treatment of the cTn complex resulted in a
reduced maximum ATPase activity in the presence of Ca2�.
These observations are supported by results of studies on the
relation between thin filament length and velocity as deter-
mined by in vitromotility assay in which the apparent binding
affinity of myosin for thin filaments was reduced after PKA
treatment (58). Thus, it is plausible that PKA phosphorylation
of cTnI modifies the affinity between cross-bridges and thin
filaments.

The Inhibitory Region and Intramolecular Interactions
between the cTnI N-terminal Extension and Inhibitory
Region

Thr144 is located in the middle of the inhibitory region of
cTnI. The equivalent position is Pro in skeletalmuscle TnI. The
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functional consequence of phosphorylation of Thr144 by itself
has not been well established. Burkart et al. (59) reported that
the T144E mutation, which mimics the phosphorylation state,
does not affect calcium sensitivity or maximum tension when
introduced into skinned cardiac fiber bundles, whereas in the in
vitromotility assay, it desensitizes to Ca2�. On the other hand,
when skinned cardiomyocytes or small myocyte bundles har-
boring cTnI S23A/S24A to prevent phosphorylation were
treated with PKC�, Wang et al. (34) found that the isometric
tension of these myocytes was sensitized to Ca2� compared
with non-PKC-treated myocytes. Because Thr144 of cTnI was
phosphorylatedmainly by PKC treatment in their preparations,
they concluded that phosphorylation of Thr144 was responsible
for the calcium sensitization. Data reported by Westfall et al.
(60) indicated that the phosphorylation of Thr144 accelerates
relaxation of cardiomyocytes, whereas it does not affect short-
ening. These divergent observations may be explained by
recent findings that Thr144 is involved in length-dependent
activation of tension development in skinned fiber bundles (61)
and strong cross-bridge-dependent activation of the thin fila-
ments in solution acto-S1 ATPase activity (62).
The bisphosphorylation of cTnI at its N terminus induces a

lengthening of the adjacent helix TnI-(21–30)with induction of
a bend in the extension, which contains acidic residues (5). On
the basis of these structural modifications, we predicted that
the acidic N-terminal regions of cTnI might interact intramo-
lecularly with the basic inhibitory region of cTnI. Cross-linking
studies supported this prediction (51). Functional evidence for
this interaction came from the study of a phosphomimetic
mutation at Ser23/Ser24 in theN-terminal extension andThr144

in the inhibitory region (33). It was demonstrated that pseudo-
phosphorylation at Thr144 of cTnI depressed the cooperative
activation of cardiac thin filaments exclusively in the presence
of the S23D/S24D mutation of cTnI. The calcium-binding
properties of the thin filaments regulated by cTnI with the
T144E mutation were the same as those with wild-type
cTnI. The cTnI S23D/S24D mutation desensitized the thin fil-
aments to Ca2�, as expected. Thin filaments with the S23D/
S24D/T144Emutation retained the same calcium sensitivity as
those with the S23D/S24D mutation, yet the Hill coefficient,
indicative of cooperativity, was significantly smaller. Similar
trends followed the tension development of skinned cardiac
muscle fiber bundles. Moreover, studies of the cTnI R145G
mutation linked to hypertrophic cardiomyopathy also indi-
cated an interaction between the cTnI N terminus and the Ip
(55). These studies demonstrated that compared with controls,
calcium sensitivity is enhanced in myofilaments regulated by
cTnI R145G but not when cTnI Ser23 and Ser24 are bisphosphor-
ylated.One interpretation is that the loss of the basic residue not
only depresses inhibition by the Ip but also alters electrostatic
interactions with the N terminus. Transgenic mouse hearts in
which residues 2–11 of cTnI were deleted showed a significant
decrease in contractility and relaxation upon basal and �-adre-
nergic stimulation, whereas the calcium sensitivity of force
development was not altered, suggesting the importance of the
N-terminal part of cTnI in regulation and modification (63).
These experiments provide strong indications ofmodulation of

cTn function by an intramolecular interaction between the
N-terminal extension and inhibitory region of cTnI.

TnT Phosphorylation

Several kinases that phosphorylate cTnT have been identi-
fied, but the functional significance of the phosphorylation in
thin filament signaling and integrated control of cardiac func-
tion remains unclear. Evidence for phosphorylation of cTnT by
a “specific” cTnT kinase (64) and by phosphorylase kinase (65,
66) has not been followed up. Early studies (67) identified a site
of phosphorylation in the N terminus at Ser1, but the signifi-
cance of this site remains unknown. Sites indentified as PKC
substrates in the C-terminal region have beenmore extensively
documented. cTnT PKC-dependent phosphorylation sites are
Thr197, Ser201, Thr206, and Thr287. We (68) mutated these res-
idues to glutamate or alanine and exchanged single, double,
triple, and quadruple mutants into skinned fiber bundles of
mouse heart.We also exchanged the Tn complex reconstituted
with cTnT phosphorylated by PKC�. Our studies of isometric
tension development and actomyosin Mg-ATPase activity as a
function of Ca2� concentration identified Thr206 as a function-
ally critical cTnT PKC phosphorylation residue. Compared
with wild-type controls, exclusive phosphorylation by PKC� or
replacement by Glu induced a significant decrease in myofila-
ment maximum tension, actomyosin Mg-ATPase activity, cal-
cium sensitivity, and cooperativity. Tension cost was also
reduced. Subsequent studies also determined that phosphory-
lation of cTnTdepresses sliding speed in themotility assay (69).
Inasmuch as PKC� activation promotes cardiac growth,
engagement of this pathway coordinates hypertrophic signal-
ing and contractile dynamics. Along these lines, Thr206 also
appears to be a substrate for Raf kinase (70).

Thin Filament Protein Phosphorylation as an Important
Modifier in Effects of Mutations Linked to Familial
Cardiomyopathies

Modifications in the interaction of the N terminus of cTnI
with cTnC and with the Ip region of cTnI appear to be an
important mechanism in the linkage of Tn mutations to car-
diomyopathies. As discussed above, studies of the cTnI R146G
mutation, which is linked to hypertrophic cardiomyopathy,
provide not only further indications of an interaction between
the cTnI N terminus and the Ip but also an important role for
phosphorylation of cTnI Ser23/Ser24 in the course of the disor-
der. Our studies (42) with cTnC G159D, which is linked to
dilated cardiomyopathy (DCM), provide another example of an
effect of phosphorylation of these cTnI residues on the func-
tional effects of a mutant thin filament protein. In this case, the
interaction appears to exacerbate the functional effects of the
mutations. We (42) reported little or no effect of the mutation
under base-line conditions without cTnI phosphorylation.
However, with PKA-dependent phosphorylation or pseudo-
phosphorylation of cTnI, there was a significant depression of
the decrease in the calcium sensitivity of tension development
compared with controls. This depression in the effect of cTnI
Ser23/Ser24 phosphorylation was correlated with a reduced
effect on calcium binding to the cTnC regulatory site. Another
region of phosphorylation of cTnI, Ser43/Ser45, appears tomod-
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ify the functional effects of a familial hypertrophic cardiomyop-
athy-linked mutation, Tm E180G (26). Tension developed by
myofilaments controlled by Tm E180G was significantly more
sensitive to Ca2� compared with controls. In skinned fibers
with wild-type thin filaments, pseudophosphorylation of cTnI
Ser43/Ser45 in the anchoring domain interacting with the cTnC
C-terminal lobe induced a depression in force and calcium sen-
sitivity (59). This depression was significantly enhanced in
skinned fibers controlled by Tm E180G. Interactions between
the Ip and the R145G mutation linked to hypertrophic car-
diomyopathy and the Ca2�-saturated C-terminal lobe of cTnC
were also altered. These interactions have been determined
employing NMR chemical shift mapping (71). There was a sig-
nificant 14-fold decrease in the affinity with Thr144 phos-
phorylation and a 4-fold decrease in the presence of the R146G
mutation in the peptide. Phosphorylation (Fig. 1) at cTnI resi-
due 150, which is poorly understood, may also affect the
response to the R146G mutation.
A potentially important aspect of phosphorylation of cTnT is

the proximity of Thr206 to a region linked with DCM in which
there is a deletion of Lys210. Comparison of the state of phos-
phorylation of myofilaments from hearts expressing the
cTnT�Lys210 mutant with that of controls demonstrated sig-
nificant net decreases in phosphorylation of cTnT, cTnI, and
MyBP-C (72). However, there was an increase in site-specific
phosphorylation of Thr206. Moreover, there was an increased
rate of phosphorylation of Thr206 by PKC�. Evidence that
cTnT�Lys210 has enhanced affinity for cTnI provides further
evidence for the long-range effects of this mutation (72).

Dephosphorylation of Thin Filament Proteins

Although there has been progress in understanding the
phosphatases that control phosphorylation of TnI and TnT,
signaling cascades controlling these phosphatases remain
poorly understood. Moreover, site-specific dephosphorylation,
which is likely to be an important mechanism, has been under-
studied and is poorly understood. Themajor phosphatases con-
trolling thin filament protein phosphorylation are PP1 and
PP2A. Both of these phosphatases have been reported to have a
Z-disc localization (73, 74), placing them in close proximity to
the A- and I-band regions of the sarcomere and indicating that
their localizationmay be strain-sensitive. In fact, recent studies
(74) indicate that that the B56a unit of the PP2A complex local-
izes to the Z-disc but moves away with �-adrenergic stimula-
tion, whereas light chain 2 phosphatase does not. Our studies
(26) showing a decrease in tropomyosin phosphorylation in
hearts with constitutively active p38� demonstrated co-local-
ization of this MAPK with �-actinin at the Z-disc, as well as
protein phosphatases (PP2� and PP2�). Few studies have
directly compared the substrate specificities of PP2A and PP1,
but there is some agreement that PP1 has preference for cTnT
over cTnI (73, 75) but with no effect on dephosphorylation of
Tm (73). Moreover, Jideama et al. (75) employed phosphopep-
tidemapping to show that PP2A induced uniform dephosphor-
ylation of cTnI in preparations previously treated with both
PKA and PKC. On the other hand, Ser23 and Ser24 were the
preferred substrates for PP1. In the case of cTnT, Thr199 and an
unidentified residue were the least favorable for dephosphory-

lation by PP1. These studies thus demonstrate specificity for
dephosphorylation, a mechanism not generally taken into
account when considering the integrated effects of signaling to
the thin filaments. In our studies of the effects of constitutively
active PKC� (76), we observed a significant decrease in Thr
phosphorylation of cTnI and cTnT notably by PKC�T560E. To
explain the apparent Thr dephosphorylation of cTnI and cTnT,
we hypothesized that PKC� exists in a complex with Pak1 and
PP2A, and this was confirmed by immunoprecipitation and
Western blotting. Reviewed elsewhere (77, 78) are our studies
on a signaling cascade to PP2A via Gi coupling to small G-pro-
teins (e.g. bradykinin) and potential sphingolipid signaling via
p21-activated kinase.

Conclusions

Newdata advance our understanding of themolecularmech-
anism by which thin filament proteins control the state of the
sarcomere. Understanding these molecular control mecha-
nisms in thin filament regulation of the heartbeat has taken on
new significance with the identification of many mutations
linked to hypertrophic cardiomyopathy andDCM.There is also
strong evidence for a role of alterations at the level of the thin
filaments in acquired cardiac disorders and sudden death. The
results summarized here indicate that apart from the direct
effects of these mutations and modifications on function and
indirect effects on stress signaling, it is important to consider
the pathological process in the context of post-translational
modifications of the sarcomeric proteins. The design of new
diagnostics and therapies, as well as preventative measures,
requires advancement of our understanding of these processes
and their relative significance.
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35–41
5. Howarth, J. W., Meller, J., Solaro, R. J., Trewhella, J., and Rosevear, P. R.

(2007) J. Mol. Biol. 373, 706–722
6. Kobayashi, T., and Solaro, R. J. (2005) Annu. Rev. Physiol. 67, 39–67
7. Tobacman, L. S. (1996) Annu. Rev. Physiol. 58, 447–481
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Myosin regulatory light chain (RLC) phosphorylation in skel-
etal and cardiac muscles modulates Ca2�-dependent troponin
regulation of contraction. RLC is phosphorylated by a dedicated
Ca2�-dependent myosin light chain kinase in fast skeletal
muscle, where biochemical properties of RLC kinase and phos-
phatase converge to provide a biochemical memory for RLC
phosphorylation and post-activation potentiation of force
development. The recent identification of cardiac-specificmyo-
sin light chain kinase necessary for basal RLC phosphorylation
and another potential RLC kinase (zipper-interacting protein
kinase) provides opportunities for new approaches to study sig-
naling pathways related to the physiological function of RLC
phosphorylation and its importance in cardiac muscle disease.

In myocytes from striated cardiac and skeletal muscles, sar-
comeric contraction results from the Ca2�-regulated binding
of the myosin motor to actin (Fig. 1). Ca2� binds to troponin in
actin thin filaments, thereby allowing myosin cross-bridges in
thick filaments to bind actin for the development of force and
cell shortening with ATP hydrolysis (1). Myosin cross-bridges,
containing the actin-binding surface and ATP pocket in the
motor domain, taper to an �-helical neck that connects to the
myosin rod region responsible for the self-assembly into thick
filaments. Two small protein subunits, the essential light chain
and regulatory light chain (RLC),2 wrap around each �-helical
neck region, providing mechanical stability.
Ca2� released to the sarcomeres during contractionmay also

activate Ca2�/calmodulin-dependent protein kinases that
phosphorylate RLC (Fig. 1) (2). RLC phosphorylation has no
significant effect on actin-activatedmyosin ATPase activity but
changes myosin cross-bridge properties, resulting in modula-
tion of Ca2�/troponin-dependent contractions. This minire-
view describes RLC phosphorylation in heart and skeletal mus-
cles, emphasizing integration of molecular and biochemical
properties with physiological performance and pathophysio-
logical adaptations.

Distinct Myosin Light Chain Kinases Phosphorylate
Sarcomeric RLCs

A family of myosin light chain kinases (MLCKs) catalyzes
the Ca2�/calmodulin-dependent phosphorylation of different
RLCs in themyosin II family (Fig. 2). TheMYLK gene expresses
short MLCK in smooth muscles, where it is sufficient and nec-
essary for initiating contraction (2–6). The kinase has a cata-
lytic core, a regulatory segment containing the autoinhibitory
and calmodulin-binding sequences, structural Ig and fibronec-
tinmodules, and three repeatingDFRXXL actin-bindingmotifs
in the N terminus. A long smooth muscle MLCK (smMLCK)
expressed from the same gene via an alternative promoter is
identical to the short smMLCK except for the additional struc-
turalmodules at theN terminus (Fig. 2). It is found in epithelial,
endothelial, and other kinds of nonmuscle cells, where it plays
functional roles in cell adhesion and other cellular processes (7,
8). Thus, the kinases expressed fromMYLK are ubiquitous.
TheMYLK2 gene expresses a distinct skeletal muscleMLCK

(skMLCK) selectively in skeletal muscle and most abundantly
in fast-twitch fibers (2, 9). skMLCK was reported to be present
in the heart (10), but the amount is too low to physiologically
maintain RLC phosphorylation (9). Ablation of the MYLK2
gene had no effect on RLC phosphorylation in the heart (9).
skMLCK has a catalytic core and regulatory segment similar to
those of smMLCK. Although both are dedicated protein
kinases with RLCs recognized as the only physiological sub-
strate, there are differences in the catalytic properties in terms
of substrate recognition determinants (2, 11), including respec-
tive signature consensus phosphorylation sequences around
the phosphorylatable Ser in addition to RLC subdomain inter-
actions with the catalytic core (12).
Recently, a novel cardiac MLCK (cMLCK) was identified in

human heart failure and found to be regulated by the cardiac
homeobox protein Nkx2.5 during development (13, 14). The
kinase is expressed by theMYLK3 gene only in cardiac ventric-
ular and atrial myocytes. Both overexpression and knockdown
of cMLCK in cultured neonatal cardiomyocytes suggested
that the kinase may regulate sarcomere organization and
cardiomyocyte contraction (14). In cultured neonatal car-
diomyocytes, knockdown of cMLCK by siRNA also impaired
epinephrine-induced activation of sarcomere reassembly (13).
Knockdown of cMLCK expression usingmorpholino antisense
oligonucleotides in zebrafish resulted in dilated cardiac ventri-
cles and immature sarcomere structures, suggesting a signifi-
cant role for cMLCK and RLC phosphorylation in cardiogen-
esis. However, ablation of cMLCK expression in mice did not
impair cardiac development or sarcomere formation (15). Nev-
ertheless, the extent of RLC phosphorylationwas dependent on
the extent of cMLCK expression in both ventricular and atrial
muscles of adult mice. Importantly, adult mice lacking cMLCK
andRLCphosphorylation had diminished cardiac performance
culminating in heart failure (15). Collectively, these studies
show that cMLCK is the primary kinase that maintains basal
RLC phosphorylation required for normal physiological car-
diac performance. cMLCK has a catalytic core and regulatory
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segment that are conserved in smMLCK and skMLCK (Fig. 2).
Like skMLCK, it does not have the structuralmodules ormotifs
found in smMLCK.
ZIPK expressed by the DAPK3 gene is a highly conserved

Ca2�-independent protein kinase that belongs to the death-
associated protein kinase family (16, 17). ZIPK has its catalytic
core in theN terminus of the proteinwith aC-terminal putative
leucine zipper domain (Fig. 2). ZIPK is ubiquitously expressed
in different tissues, including the heart (18, 19). It plays a role in
apoptosis and autophagy in nonmuscle cells and modulates
contraction in smooth muscle. Biochemical studies have iden-
tified smoothmusclemyosin RLC and the regulatory subunit of
smoothmusclemyosin light chain phosphatase (MYPT1 (myo-
sin protein-targeting subunit 1)) as substrates for ZIPK (18, 20,
21). An unbiased substrate search on heart homogenates with
ZIPK identified RLC of ventricular myosin as a prominent sub-
strate (22). ZIPK phosphorylated cardiac RLC at Ser-15 with a

Vmax value 2-fold greater than the value for smooth/nonmuscle
RLC, indicating that cardiac RLC was a favorable biochemical
substrate. Knockdown of ZIPK in neonatal cardiacmyocytes by
siRNA significantly decreased by 35% the extent of RLC Ser-15
phosphorylation. Thus, ZIPK may act as a cardiac RLC kinase
and thereby affect contractility. ZIPK does not appear to be
involved in basal RLC phosphorylation because ablation of
cMLCK results in loss of RLC phosphorylation. However, ZIPK
may be activated to phosphorylate RLC by upstream kinases
responsive to different signaling pathways (17, 20, 21, 23, 24).
Biochemically, the activity of ZIPK is regulated by several phos-
phorylation sites and an autoinhibitory segment (18, 23, 24).
Thr-225 and Thr-265 are potential autophosphorylation sites,
and Thr-265 may also be phosphorylated by ROCK1. The
kinase that phosphorylates the Thr-180 main activation site is
not known, although it appears to be agonist-dependent in
smooth muscle. No information on ZIPK function or regula-
tion in adult cardiac muscle is available at this time.

Sarcomeric Myosin RLCs Are Phosphorylated by
Different Physiological Mechanisms

skMLCK is dependent on both Ca2� and calmodulin for
activity (25). Upon complex formation with a peptide of the
calmodulin-binding sequence of skMLCK, Ca2�/calmodulin
undergoes a conformational collapse, with its two domains
wrapping around the peptide through the bending of a flexible
central helix (26). The calmodulin-binding sequence of
skMLCK forms an amphiphilic �-helix.

Detailed enzymatic and structural studies of the binding
interactions among Ca2�, calmodulin, and skMLCK show an
ordered sequence of events that culminate in skMLCK activa-
tion (25, 27–32). The active site of the kinase is in a catalytic
cleft between the N-terminal domain that binds ATP and the
larger C-terminal domain that opens and closes about a glycine
hinge connecting the two domains. The autoinhibitory se-
quence extends from the C terminus of the catalytic core and
folds back on its surface to prevent RLC but not ATP binding in
the catalytic site. Results from protein fragmentation comple-

FIGURE 1. Ca2�-dependent phosphorylation of myosin RLC in striated muscles. A, skMLCK is inactive due to the regulatory segment containing autoin-
hibitory (yellow) and calmodulin-binding (red) sequences binding in the catalytic cleft between the N- and C-terminal domains of the catalytic core (green).
Ca2� (F) binds to four Ca2�-binding sites in calmodulin (CaM), and the complex binds to MLCK to displace the regulatory segment from the catalytic cleft for
phosphorylation of RLC (2). This simplified scheme may be more complex for cMLCK. Protein structures are discussed with references in the text. MLCP, myosin
light chain phosphatase. B, striated muscle myosin heads (green) contain essential light chains (blue) and RLCs (red) with weak head-head interactions in the
resting position or disordered and extended from the thick filament (49, 50). Phosphorylation of striated RLC increases the mobility of myosin heads such that
they move away from the thick filament surface toward actin thin filaments in skeletal and cardiac fibers.

FIGURE 2. Structural elements in different protein kinases that phosphor-
ylate RLCs. Short smMLCK contains a catalytic core (green) structurally similar
to protein kinases with a contiguous regulatory segment composed of auto-
inhibitory (yellow) and calmodulin (CaM)-binding sequences (red). It also has
three repeating actin-binding motifs (gray) as well as Ig (burnt orange) and
fibronectin (blue) structural modules. Long smMLCK is identical to smMLCK
with an additional N-terminal extension. skMLCK and cMLCK contain catalytic
cores and regulatory segments similar but not identical to those of smMLCK
or to each other. ZIPK is regulated by autophosphorylation (P) as well as phos-
phorylation by upstream signaling protein kinases at multiple sites in the
catalytic core. ZIPK also contains a leucine zipper domain (light blue).
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mentation analyses indicate that the principal autoinhibitory
motif is contained within the sequence between the catalytic
core and the calmodulin-binding sequence, consistent with
previous results obtained with truncation mutants (33, 34). In
the absence of Ca2�, the kinase is autoinhibited, and calmodu-
lin is not bound.
When Ca2� binds to calmodulin, its C-terminal domain

binds to the N terminus of the calmodulin-binding sequence in
skMLCK, with the subsequent binding of the N-terminal
domain to the C terminus of the calmodulin-binding sequence
(35, 36). Ensuing calmodulin interactions with the catalytic
core per se appear to be necessary for activation. The regulatory
segment is subsequently displaced from the catalytic site, with
calmodulin collapsed at a position near the base but adjacent to
the catalytic core. The exposed catalytic site of the kinase allows
the N terminus of RLC to bind, with closure of the cleft and
transfer of phosphate from ATP to RLC.
Repetitive increases in cytosolic Ca2�necessary for contract-

ile responses would also result in Ca2� binding to calmodulin
and then Ca2�/calmodulin binding and activating skMLCK
(25, 37). Based on the known biochemical properties of skM-
LCK, a quantitative model predicted 1) the importance of the
interpulse interval for fractional kinase activation; 2) limiting
kinase activity so that RLC was phosphorylated in seconds, not
milliseconds; and 3) the much greater kinase activity relative to
the phosphatase activity so that the activation of a small frac-
tion of kinase would result in RLC phosphorylation that was
sustained (38, 39). Ca2� binds to troponin and calmodulin at a
similar rate, but skeletal muscle force development increases at
a faster rate than calmodulin binding to skMLCK (40). Thus,
excitation-contraction coupling events distal to Ca2� binding
to troponin occurmore rapidly than the formation of the Ca2�/
calmodulin-skMLCK complex. Rapid kinetic measurements
indicate a diffusion-controlled bimolecular association of
Ca2�/calmodulin with skMLCK (41). Furthermore, the associ-
ation of Ca2�/calmodulin with skMLCK results in rapid activa-
tion without an apparent conformational latency, similar to the
rapid activation of smMLCK (6). Importantly, the rate of disso-
ciation of Ca2� from calmodulin bound to skMLCK is slow,
resulting in dissociation of calmodulin from the kinase at 3 s�1

in vitro (11) and in vivo (40). This slow rate of calmodulin dis-
sociation allows for a longer period of skMLCK activity after
brief high frequency stimulation as well as between the Ca2�

transients at low frequencies of contraction, and thus provides
a biochemical memory by which RLC phosphorylation is sus-
tained while muscle fibers are not contracting (Fig. 3).
Information on Ca2�/calmodulin regulation of cMLCK is

limited (13, 14). The kinase has a predicted high affinity calm-
odulin-binding sequence similar to smMLCK and skMLCK,
and RLC was phosphorylated by recombinant cMLCK in a
Ca2�/calmodulin-dependent manner (13). We found that
cMLCK bound to calmodulin with high affinity in a Ca2�-de-
pendent manner and that its activity was Ca2�/calmodulin-
dependent, similar to skMLCK.3 However, another study
reported that cMLCK phosphorylated RLC similarly in the

presence of EGTA or Ca2�/calmodulin (14). The reasons for
the disparate results are not clear but could be related to differ-
ences in phosphorylation that affect Ca2�/calmodulin activa-
tion, similar to results obtained with a related protein kinase,
titin kinase (42). Physiological studies have provided indirect
evidence that basal cardiac RLC phosphorylationmay be Ca2�-
dependent. Inhibition of contraction, including removal of
Ca2� from the buffer in perfused hearts, results in dephosphor-
ylation, and restoration of contractions results in rephosphor-
ylation of RLC (43, 44). Additional biochemical investigations
on the regulation of cMLCK activity are needed.
The maximal activity of cMLCK is much lower than that of

skMLCKor smMLCK (12–14). If cMLCK is regulated by Ca2�/
calmodulin, cMLCK would be saturated with bound Ca2�/cal-
modulin, with continuous contractions at high frequencies
such as those found in rodent hearts (6, 39, 40). However, the
low specific activity results in a slow turnover of phosphate in
RLC (t1⁄2 � 250 min), with 0.4 mol of phosphate/mol of RLC
basal phosphorylation (Fig. 3) (44, 45). Thus, kinase activity
may be a primary limiting factor for RLC phosphorylation (15).

RLC Phosphorylation Is Reversed by Myosin Light Chain
Phosphatase

RLCs are dephosphorylated by amyosin light chain phospha-
tase composed of distinct subunits: a catalytic subunit of the
type 1 protein phosphatase � isoform (PP1c�), one of two iso-
forms of myosin-binding regulatory subunits (MYPT1 or
MYPT2), and a small subunit of undefined function (46).3 K. E. Kamm and J. T. Stull, unpublished data.

FIGURE 3. RLC phosphorylation in smooth, skeletal, and cardiac muscles
depends on integration of MLCK and myosin light chain phosphatase
activities. Physiologically, RLC phosphorylation is transient in response to
brief neurostimulation of smooth (red) and fast skeletal (green) muscles,
whereas it is stable in response to continuous beating of the heart (blue).
Neurostimulation for 1 s leads to the rapid binding of Ca2�/calmodulin to
both smMLCK and skMLCK. The smMLCK activity results in rapid phosphory-
lation of RLC (red), which is rapidly dephosphorylated by robust myosin light
chain phosphatase activity in smooth muscle. skMLCK activation also results
in rapid RLC phosphorylation (green), but the low myosin light chain phos-
phatase activity prolongs RLC phosphorylation after skMLCK is inactivated by
dissociation of Ca2�/calmodulin in skeletal muscle. Constant contraction of
the heart results in a steady-state basal RLC phosphorylation (blue) due to
equilibrium between cMLCK and myosin light chain phosphatase activities. If
the heart does not contract for 30 min or longer, RLC is slowly dephosphory-
lated. Restoration of normal contractions results in a slow rephosphorylation of
RLC (inset).
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MYPT1 andMYPT2 have several important functions, includ-
ing localization, activation, and regulation of phosphatase
activity. MYPT2 is expressed predominantly in striated mus-
cles. Adenovirus-mediated gene transfer of MYPT2 and PP1c�
into neonatal cardiac myocytes reduced RLC phosphorylation
following stimulationwithA23187 and blocked the angiotensin
II-induced sarcomere organization in cultured cardiomyocytes
(47). Transgenic mice overexpressing MYPT2 showed an
increase in PP1c� forming the holoenzyme and decreased basal
RLC phosphorylation and cardiac contractility (48).

RLC Phosphorylation Modulates Force Development in
Skinned Fibers

Ca2�-dependent phosphorylation of smooth and nonmuscle
myosin RLCs increases actin-activated myosin ATPase activity
that supports a variety of functions in many different cells,
including smoothmuscle contraction and aspects of cell motil-
ity and adhesion (2, 3). During relaxation of smooth muscle,
dephosphorylated cross-bridges are in an “off” state due to
head-head interactions (49). RLC phosphorylation disrupts the
multiple weak, predominantly ionic interactions to release the
cross-bridges to bind to actin. The heads of striated muscle
myosins can undergo similar but much weaker interactions to
produce an ordered array in relaxed muscle with unphosphor-
ylated RLC. The head-head interaction does not switch activity
off but may represent a resting position, where the weak head-
head interactions do not inhibit myosin function (50). Phos-
phorylation of striated RLC increases the mobility of myosin
cross-bridges such that theymove away from the thick filament
surface toward actin thin filaments in skeletal and cardiac fibers
(Fig. 1) (51–57). RLC phosphorylation increases the number of
cross-bridges entering the contractile cycle by up-regulation of
actin-induced phosphate release from the weakly bound actin-
myosin-ADP-Pi state (58). This displacement leads to a left-
ward shift in the force-pCa relationship, thus increasing
Ca2� sensitivity of the myofilaments (Ca2� sensitization)
and increasing the rate of force development by increasing
cross-bridge transition to the strongly bound, force-gener-
ating state while slowing the rate of decay of the force-gen-
erating state. Interestingly, cardiac myosin-binding protein
C phosphorylation by cAMP-dependent protein kinase also
increases the proximity of cross-bridges to actin and thus
modulates the kinetics of force development by structural
mechanisms similar to RLC phosphorylation (54).

RLC Phosphorylation Modulates Contraction of Fast
Skeletal Muscle

Repetitive stimulation of mammalian fast skeletal muscle
causes a transitory increase in the peak force of the isometric
twitch response (59). This twitch force potentiation follows a
brief (1–2 s) high frequency (150 Hz) stimulation sufficient to
induce a tetanus (post-tetanic potentiation), or it follows con-
tinuous low frequency (5–10 Hz) stimulation (staircase effect).
Manning and Stull (60, 61) noted a temporal correlation
between the extent of RLCphosphorylation and potentiation of
isometric twitch force. This correlation was prominent in fast,
but not slow, skeletal muscles (38, 40). Reduced RLC phos-
phorylation in slow-twitch muscles may be due to lower

skMLCK and greater myosin phosphatase compared with fast
skeletal muscle. In skMLCK knock-out mice, RLC is not phos-
phorylated in response to electrical stimulation, and the knock-
out is accompanied by an ablation of post-tetanic twitch force
potentiation and a markedly reduced staircase effect (9). Addi-
tionally, overexpression of skMLCK in fast skeletal muscle in
transgenicmice increased the rate of RLC phosphorylation and
force potentiation (40). Thus, RLC phosphorylation by skM-
LCK is a primary biochemical mechanism for physiological
force potentiation intrinsic to fast skeletal muscle fibers.
Physiological studies in animals show that phosphorylation

of RLC increases the extent of twitch force development in fast
skeletal muscles fatigued by prolonged conditioning stimuli
(62). RLC phosphorylation may also potentiate concentric
work when isolated extensor digitorum longusmuscle is rhyth-
mically shortened and lengthened to simulate contractions in
vivo (63). Furthermore, RLC phosphorylation-induced force
potentiation is increased by alterations in excitation-contrac-
tion coupling noted for muscular dystrophy and aging (64).
Our understanding of the role of skMLCK and RLC phos-

phorylation in human skeletal muscle is limited. Post-activa-
tion potentiation in human skeletal muscle has recently
received attention for its potential to affect human perform-
ance in strength and endurance exercise (65, 66). Post-activa-
tion potentiation is induced by an intense voluntary contrac-
tion that increases both peak force and rate of force
development during subsequent twitch contractions. The pro-
posed mechanisms underlying post-activation potentiation are
phosphorylation of myosin RLCs and increased recruitment of
motor units. Post-activation potentiation may thus be induced
by conditioning contractions to enhance power and perform-
ance during subsequent explosive muscle activities involving
jumping, sprinting, etc.

RLC Phosphorylation Affects Force Development of
Cardiac Contraction

In a beating heart under basal physiological conditions, RLC
in ventricular myocytes is phosphorylated at�0.4 mol of phos-
phate/mol of RLC in a variety of animal species, including
humans (43, 44, 67–69). This basal RLC phosphorylation plays
a role in setting the kinetics of force development as well as the
Ca2� sensitivity of force in skinned cardiac fibers, and there-
fore, its physiological importance is predicted (70).
Initial studies on RLC phosphorylation in ventricular myo-

cytes examined its potential role inmediating positive inotropic
effects of �-adrenergic agents (71–74). Collectively, these stud-
ies found no significant changes in RLC phosphorylation after
�-adrenergic stimulation for 20–40 s in isolated perfused heart
preparations. Thus, RLC phosphorylation (and its modulatory
contribution to myofibrillar contraction) was not a predomi-
nant contributor to the positive inotropic response. The extent
of RLC phosphorylation is determined by the opposing activi-
ties of kinases that phosphorylate RLC relative to dephosphor-
ylation by myosin light chain phosphatase. Studies show that
these reactions are much slower than observed in skeletal and
smooth muscles, and thus, it has been difficult to study the
physiological contributions of RLC phosphorylation to con-
traction in intact ventricularmyocytes (43–45).Measurements
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of RLC phosphorylation 5 min after initiating perfusion with
epinephrine resulted in a small increase similar to that observed
with ischemia; however, cardiac performance was increased
with epinephrine and decreased with ischemia (74). Recently,
RLC phosphorylation increased in mouse hearts following
dobutamine infusion for 5 min, thus suggesting a role for RLC
phosphorylation in prolonged�-adrenergic stimulation (75). In
general, these experimental approaches have not revealed spe-
cifically a function for RLC phosphorylation in physiological
contractions of ventricular muscle primarily because changes
in RLC phosphorylation do not occur or are modest relative to
phosphorylation of other myofibrillar proteins, including tro-
ponin I and myosin-binding protein C (1, 76–78).
Genetic approaches have provided insights into the function

of RLC phosphorylation in cardiac performance. Transgenic
mice overexpressing skMLCK specifically in cardiomyocytes
demonstrated markedly increased phosphorylation of sarcom-
eric cardiac RLC and cytoplasmic nonmuscle RLC in their
hearts (79). Quantitative measures of RLC phosphorylation
revealed no spatial gradients, in contrast to immunostaining
results from a previous study (10). No significant cardiac hyper-
trophy or structural abnormalities were observed up to 6
months of age. Hearts and cardiomyocytes from wild-type ani-
mals subjected to voluntary running exercise and isoproterenol
treatment showed hypertrophic cardiac responses, but the
responses for transgenicmicewere attenuated. Thus, increased
RLC phosphorylation may inhibit physiological and patho-
physiological hypertrophy responses by contributing to en-
hanced contractile performance and efficiency.
In anothermodel, transgenicmice overexpressed ventricular

RLC that was mutated to prevent phosphorylation and that
replaced endogenous phosphorylatable RLC (80). In cardiac
skinned fibers from these transgenic animals, Ca2� sensitivity
of force development was attenuated. Adult mice showed both
atrial hypertrophy and dilatation with severe tricuspid valve
insufficiency. Isolated hearts from these transgenic mice con-
sistently developed a reduced systolic pressure and decreased
contractility with an additional decrease in troponin I phosphor-
ylation (81). Functional studies performed in vivo on the hearts
of these transgenic mice showed decreases in base-line load-
independent measures of contractility and power and an
increase in ejection duration (75). There was also a decrease in
myosin-binding protein C and troponin I phosphorylation.
Thus, RLC phosphorylation appears to be critical for normal
left ventricular ejection.
Other genetic approaches in mice have focused on cMLCK

and theMYPT2 regulatory subunit of myosin light chain phos-
phatase. Ablation of cMLCK expression did not result in any
obvious developmental problems for the heart (15). The extent
of RLC phosphorylation was dependent on the extent of
cMLCK expression in both ventricular and atrial muscles, with
attenuation of RLC phosphorylation associated with ventricu-
lar myocyte hypertrophy, necrosis, and fibrosis. Echocardio-
graphy showed increases in left ventricular mass as well as end-
diastolic and end-systolic dimensions. Cardiac performance
measured as fractional shortening decreased proportionally
with decreased RLC phosphorylation, culminating in failure in
hearts lacking significant RLC phosphorylation. Ablation of

cMLCK did not affect troponin I phosphorylation. Thus,
cMLCK appears to be the predominant protein kinase that
maintains basal RLC phosphorylation, which is required for
normal physiological cardiac performance in vivo.
Transgenic mice overexpressing MYPT2 showed a concom-

itant increase in endogenous PP1c�, resulting in an increase in
the myosin phosphatase holoenzyme (48). Ventricular RLC
phosphorylation was reduced, resulting in left ventricular
enlargement with associated impairment of contractile per-
formance. Permeable fibers from the transgenic hearts showed
decreased Ca2� sensitization of force development, and ultra-
structural examination showed cardiomyocyte degeneration.
Ablation ofMYPT2did not affect troponin I or phospholamban
phosphorylation. Thus, MYPT2 is the primary regulatory sub-
unit of cardiac myosin light chain phosphatase in vivo. This
alternative genetic approach showed that basal RLC phosphor-
ylation plays a significant role in modulating cardiac function.
Atrial RLC phosphorylation is also attenuated with ablation

of cMLCK expression, but no apparent pathology develops as it
does in ventricularmuscle (15). Phosphorylation of RLC in per-
meable atrial fibers increases Ca2� sensitivity of force develop-
ment, similar to that found in ventricular and skeletal muscle
fibers (82). In electrically paced human atria, �-adrenergic
receptor stimulation results in a prominent increase in con-
tractile force that depends on aMLCK activity and is accompa-
nied by an increase in RLC phosphorylation (83). Phenyleph-
rine does not increase RLC phosphorylation in human
ventricular muscle strips. Stretch also increases RLC phos-
phorylation in human atria by the release and actions of angio-
tensin II (84). Atrial RLC phosphorylation appears to be more
dynamic than ventricular RLC phosphorylation.

RLC Phosphorylation May Be Involved in Heart Diseases

Familial hypertrophic cardiomyopathy is characterized by
genetic changes in cardiac proteins of the sarcomere, leading to
myofibrillar disarray and thickening of ventricular muscle with
impairment of contractile performance (85–87). There is a cor-
relation between decreased ventricular RLC phosphorylation
and expression inmice of some RLCmutations linked to famil-
ial hypertrophic cardiomyopathy (88, 89). Mutation of Glu-22
to Lys in human RLC is also associated with hypertrophic car-
diomyopathy. This mutation inhibits phosphorylation and
Ca2� binding to the light chain (90). Additionally, it increases
Ca2� sensitivity ofmyofibrillarATPase activity and force devel-
opment, probably related to effects on Ca2� binding (91).
Heart failure is a complex disease resulting frommany cellu-

lar changes, including changes in phosphorylation of multiple
myofibrillar proteins that affect contractile responses (92).
In heart failure, myofilament Ca2� desensitization, through
increased troponin I phosphorylation, contributes to the nega-
tive force-frequency relation but is counteracted by frequency-
dependent RLC phosphorylation. Increased Ca2� responsive-
ness of myofibrillar contraction in end-stage failing human
hearts results from a complex interplay between changes in the
phosphorylation of RLC and troponin I (93). Considering that
cMLCKwas identified in human heart failure (14), it may play a
role not only in the physiological performance of the heart but
also in adaptive responses to pathophysiological stresses. Infu-
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sion of neuregulin, a peptide that activates ErbB receptor tyro-
sine kinases in cardiac myocytes, increases expression of
cMLCK, with increased RLC phosphorylation associated with
improved cardiac performance after myocardial infarction in
rats (94). Administration of neuregulin to patients with stable
chronic heart failure improves hemodynamic responses acutely
and chronically (95). It is predicted that cMLCKmutations that
cause a loss of kinase activity and reducedRLCphosphorylation
will lead to sarcomeric dysfunction and cardiac failure. The
identification of the central importance of cMLCK provides a
new clinical target for discovery of its role in human cardiac
pathophysiology.
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The central function of IL-1� in fever regulation was recog-
nized with its discovery �30 years ago (1). It was an attractive
candidate as a master regulator in the pathogenesis of the
hereditary fever syndromes; however, definitive proof was elu-
sive. Themechanisms enablingmaturation and release of active
IL-1� are complex, and it was difficult to detect the cytokine in
patient serum. Validation of its central role in these rare auto-
inflammatory conditions was achieved in the last decade with
the convergence of three major developments in translational
medicine research: 1) advances in the techniques used to iden-
tify human disease-causing genes, 2) innovations in genomic
analysis, and 3) progress in effective targeted biologic therapeu-
tics. Recent years have seen the explosion of exciting research
elucidating the principal role of IL-1� in fever disorders and
expanding the autoinflammatory disease family beyond rare
Mendelian syndromes to include common conditions such as
gout and occupational lung disease (2). Concurrently, there
have been significant advances in understanding the complex-
ity of the innate immune system; the mechanisms regulating
IL-1� release; and the host response to pathogens, internal dan-
ger signals, and nonpathogenic inflammatory stimuli. With the
advent of IL-1-targeted therapy, unprovoked inflammation due
to excess IL-1� can be managed and sequelae prevented. New
research will continue to unravel the innate immune system’s
arsenal of sensory proteins and fully reveal the many pathways
comprising IL-1� function.

Genetics of Inherited Recurrent Fevers

The hereditary fever syndromes are a family of inflammatory
diseases characterized by recurrent episodes of fever, joint
symptoms, and rash. The clear Mendelian inheritance of these
conditions combined with improved geneticmappingmethods
allowed the identification of the underlying genes, beginning
with theMEFV gene for familialMediterranean fever (FMF)2 in
1997 following an international effort (3, 4). In the next 2 years,
heterozygous mutations in TNFRSF1a, encoding the TNF

receptor, were linked to the autosomal dominant disease pre-
viously known as familial Hibernian fever, now called the TNF
receptor-associated periodic syndrome (5). Homozygous
mutations in the gene for mevalonate kinase were shown to
cause hyperimmunoglobulinemia D with periodic fever syn-
drome (6, 7). Although these conditions are clinically related, a
unifying underlying mechanism did not become clear until
researchersmapped the genetic basis for two unusual fever syn-
dromes, familial cold autoinflammatory syndrome (FCAS) and
Muckle-Wells syndrome (MWS), in 2001 (8).
FCAS and MWS are autosomal dominant conditions; how-

ever, further similarities between the twowere not immediately
recognized, and initially, they were not classified as fever disor-
ders. FCAS is characterized by day-long attacks of rash and
joint pain precipitated by exposure to cold temperatures,
which, although debilitating, do not generally lead to long-term
morbidity (9). MWS consists of febrile episodes without the
association with cold. In addition, MWS patients develop pro-
gressive hearing loss and end-stage renal disease due to amyloi-
dosis (10). Patients with both syndromes exhibit a distinctive
urticaria-like rash associated with fever, suggesting these two
seemingly disparate conditions have a common root. Genetic
linkage of both FCAS and MWS to chromosome 1q44 indeed
indicated that these diseases are genetically related, and the
final identification of heterozygous mutations in the NLRP3
(CIAS1) gene in patients with both disorders was definitive
proof (8, 11). Asmore patients were identified with phenotypes
falling between FCAS and MWS, it became clear that these
syndromes are part of a single disease continuum that was fur-
ther enlarged by the genetic mapping of a third disorder known
as neonatal onsetmultisystem inflammatory disease (NOMID).
In addition to almost daily fevers and an urticaria-like rash,
patients with NOMID exhibit a characteristic arthropathy and
significant central nervous system involvement (12, 13). To
reflect the cold-induced febrile episodes characteristic of
FCAS, theNLRP3 gene product was called cryopyrin (“ice fire”;
also called NALP3 and NLRP3), and these diseases are collec-
tively known as the cryopyrin-associated periodic syndromes
(CAPS).

Genomics of Inflammation

The Human Genome Project provided an avalanche of raw
genomic DNA and cDNA sequences that could be rapidly clas-
sified based on homology to proteins of known function. Rec-
ognition of conserved domains suggested a commonality of
function amongwide groups of seemingly distantly related pro-
teins. Researchers studying inflammation and apoptosis mined
databases using APAF-1, a scaffold protein that nucleates a
caspase-activating complex called the apoptosome, and CIITA,
theMHCClass II transactivator (14, 15). Dozens of novel intra-
cellular protein candidates were identified, and this family
became collectively known as NLR, for nucleotide-binding
domain (NBD) and leucine-rich repeats (LRRs). NLR proteins
have a central NBD (also known as NOD for nucleotide oligo-
merization domain) and, like the cell-surface Toll-like recep-

* Dr. Hoffman is a consultant for Regeneron and Novartis Pharmaceuticals
Corp. Both make drugs used in cryopyrin-associated periodic syndromes.
This minireview will be reprinted in the 2011 Minireview Compendium,
which will be available in January, 2012.

1 To whom correspondence should be addressed. E-mail: hahoffman@ucsd.edu.
2 The abbreviations used are: FMF, familial Mediterranean fever; FCAS, familial

cold autoinflammatory syndrome; MWS, Muckle-Wells syndrome; NOMID,
neonatal onset multisystem inflammatory disease; CAPS, cryopyrin-asso-
ciated periodic syndromes; NBD, nucleotide-binding domain; LRR, leucine-
rich repeat; TLR, Toll-like receptor; CARD, caspase activation and recruit-
ment domain; PYD, pyrin domain; ROS, reactive oxygen species.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 13, pp. 10889 –10896, April 1, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

APRIL 1, 2011 • VOLUME 286 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 10889

MINIREVIEW This paper is available online at www.jbc.org



tors (TLRs), contain variable numbers of C-terminal LRR
motifs. To reflect their close analogy to TLRs, members of the
NLR family are also referred to as NOD-like receptors (Fig. 1)
(16).
The NLR family is further divided based on the variable

N-terminal domain. NLRC proteins are an NLR subset with
N-terminal caspase activation and recruitment domains
(CARDs), whereas NLRP proteins, including the CAPS protein
(cryopyrin/NLRP3), contain a novel death domain family motif
known as the pyrin domain (PYD). The PYDwas first identified
in the protein pyrin, mutated in FMF, a provocative molecular
connection between FMF and CAPS (3, 4). Two NLR proteins
are known to contain both a PYD and a CARD, including a
small adaptor protein known as PYCARD (ASC) and NLRP1,
the first NLR protein demonstrated to form a multiprotein
complex called the inflammasome (17).

NLR Inflammasomes: Structure and Function

The primary function of CARDs is the activation of caspases,
but in addition, CARDs, aswell as PYDs,NBDs, and LRRs, serve
as protein-protein interaction domains in a scaffold for a com-
plex similar to the apoptosome. However, instead of activating
caspases mainly involved in apoptosis (such as caspase-3, -8,
and -9), NLR-related inflammasome complexes activate
caspase-1, also known as the IL-1-converting enzyme. These
inflammasomes consist of NLR proteins (NLRP3, NLRP1, and
NLRC4), adaptor proteins (PYCARD and possibly CARDI-
NAL), chaperone proteins (heat shock protein 90 and SGT1),
and caspases (1 and/or 5) (17–19). NLR proteins are predicted
to form a hexameric or heptameric scaffold allowing adaptors
or chaperones to interact based on inter- and intraprotein

domain-domain interactions (20). Multiple molecules of
caspase-1 are recruited and concentrated, resulting in proxim-
ity-induced cleavage and activation. Mature caspase-1 then
cleaves pro-IL-1� and pro-IL-18. Active IL-1� and IL-18 are
secreted and initiate multiple inflammatory processes. The
inflammasome therefore serves a crucial regulatory role by con-
trolling the release of potent mediators (Fig. 2).
The NLR proteins are thought to function as innate immune

sensors of intracellular pathogens that escape the extracellular
ormembrane-associatedTLR armament. Inflammasomes have
been implicated in the host response to various Gram-negative
andGram-positive bacteria, including pore-forming and toxin-
producing organisms such as Bacillus anthracis (21), Listeria
monocytogenes (22, 23), and Staphylococcus aureus (23–25), as
well as Neisseria gonorrhoeae (26), virulence factor-producing
Shigella flexneri (27, 28), and flagellated bacteria such as Pseu-
domonas aeruginosa (28, 29), Salmonella typhimurium (28),
and Legionella pneumophila (30, 31). Studies also suggest that
inflammasomes sense DNA and RNA viruses such as vaccinia
and influenza (32–36), fungal products such as yeast zymosan
and mannan (37) and Candida albicans hyphae (38–40), and
hemozoin pigment produced by the malaria parasite (41–43)
(see inflammasome activators in Table 1). Although there is
some degree of specificity of inflammasomes for particular
pathogens, clearly each NLR protein, particularly NLRP3, can
recognize multiple pathogen-associated molecular pattern-ac-
tivating signals. The mechanisms underlying this impressive
list of microorganism targets are under active study (44).
Invading host cells to avoid the immune system is a well

known tactic employed by many different microbes, thus
necessitating the evolution of an arsenal of cytosolic sensory
proteins such as theNLR family. Recently, however, a new class
of innate immune activation signals derived from the host it-
self, so called “danger-associatedmolecular patterns,” have also
been shown to activate the inflammasome. Extracellular ATP,
perhaps released by dying cells, is a prerequisite to NLRP3-
mediated IL-1� release (23, 45, 46), demonstrating that bacte-
rial products alone are not sufficient to trigger the inflam-
masome. Activation of the purine receptor (P2X7) and
subsequent potassium efflux were shown to be necessary for
this process (47). Pore-forming toxins mimic these effects,
whereas incubating cells ex vivo in medium containing a high
concentration of potassium prevents inflammasome activation
(23, 48). Additional danger-associated molecular patterns
include particles such asmonosodium urate, the crystalline salt
of endogenously produced uric acid, and calcium pyrophos-
phate, ametabolic byproduct (49). Components of the extracel-
lular matrix such as hyaluronin and biglycan also signal via the
inflammasome (50, 51). These host-derived activators may
contribute to a sterile inflammatory response in the absence of
microbial infection.

NLR Inflammasomes and Disease

Given the susceptibility of the inflammasome to minute
amounts of activators encountered during normal cellular pro-
cesses, it is perhaps not surprising that excess IL-1 production
has been linked to several common conditions. Experimental
data from recombinant mice deficient in specific inflam-

NLRP2-14
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NLRC4
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NLRP1
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WD40pyrin NBS CARD FIIND LRR AD CED4-like

FIGURE 1. Protein domain structures of selected NLR family members,
with APAF-1 and CIITA proteins as references. NBS, nucleotide-binding
site; FIIND, domain with function to find; AD, activation domain.
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masome components and from human cell lines with silenced
specific gene expression support an autoinflammatory origin
for the crystalline deposition disorders gout and pseudogout,
triggered by inflammatory responses tomonosodiumurate and
calcium pyrophosphate accumulation in joints (49). Occupa-
tional exposure to exogenously derived crystals such as silica
and asbestos triggers lung inflammation and fibrosis in an
inflammasome-dependent manner, and alum, a common vac-
cine adjuvant, also activates the inflammasome. Amyloid-�
fibrils, thought to be pathogenic in Alzheimer disease, also trig-
ger inflammasome activation (52–55). It is hypothesized that
incomplete or “frustrated” phagocytosis of particulate antigens
by macrophages leads to reactive oxygen species (ROS) forma-
tion and/or lysosomal destabilization, resulting in acidification
and protease activation. It is unclear if these processes act
directly on the inflammasome or through an intermediate
interacting molecule, although evidence for the latter theory
came from a recent study in which the thioredoxin-interacting
protein TXNIP was shown to bind NLRP3 during ROS-medi-
ated inflammasome activation (56). These studies prompted
renewed interest in the use of existing and newer IL-1-targeted
therapies in this expanded list of inflammasome- and IL-1�-
mediated diseases. It should be mentioned, however, that

although the mouse and in vitro cell line data are compelling,
little evidence exists confirming similar pathways in humans or
primary human cells.
Human genetic data are emerging that implicate compo-

nents of the inflammasome in additional human diseases. Sev-
eral studies show association of specific SNPs in or near inflam-
masome genes with allergic diseases such as atopic dermatitis
(57), food-induced anaphylaxis, and aspirin-induced asthma
(58). Data exist suggesting genetic association of NLRP3 SNPs
with Crohn disease (59, 60), susceptibility to candidiasis (61),
and essential hypertension (62). Although intriguing, most of
these associations have not been replicated in different popula-
tions, and identified SNPs have not been shown to impact the
function of NLRP3 protein. Stronger genetic association has
been described for specific SNPs in NLRP1 in patients with
vitiligo associated with multiple autoimmune diseases and
other isolated autoimmune disorders; however, functional data
are still limited, and it is unclear how the genetic variations
influence the activation state of NLRP1 (63, 64).

CAPS and Inflammasome Activation

A wealth of genetic and functional data demonstrate direct
involvement of the inflammasome in the pathogenesis ofCAPS.

FIGURE 2. Inflammasome structure and downstream events. Shown is the unfolding of NLRP3 upon sensing various activators, followed by formation of a
hexameric complex of NLRP3, CARDINAL, PYCARD, caspase-1, HSP90, and SGT1 proteins. Pro-IL-1� and pro-IL-18 are cleaved, and the active cytokines exit the
cell to bind to their respective receptors. IL-18r, IL-18 receptor.
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A total of 82 unique coding heterozygous mutations in NLRP3
have been reported in patients with the threeCAPS phenotypes
that are not observed in matched population control samples
(65). There is limited genotype-phenotype correlation, with
certain mutations often associated with specific phenotypes;
however, some mutations have been linked to more than one
phenotype, and many CAPS patients fall between diagnoses

(20). Most mutations are missense changes in the NBD, with a
few variants described in the LRR domain (66). Protein model-
ing of the NLRP3 NBDmaps most disease variants on one sur-
face of the hexameric protein complex, suggesting interference
with inter- or intraprotein domain-domain interactions (Fig.
3). A commonmodel proposes that CAPSmutations result in a
gain-of-function phenotype leading to a constitutively active or

TABLE 1
Inflammasome activators
Unless noted otherwise, all activators pertain to the NLRP3 inflammasome.

Class/inflammasome activator Clinical relevance Mechanism Refs.

G�

Listeria monocytogenes Food-borne disease Listeriolysin O-induced K� efflux 22, 23
Streptococcus pyogenes Skin infection, pharyngitis, rheumatic fever Streptolysin O- and NF�B-dependent 74
Staphylococcus aureus Skin infection, pneumonia, meningitis Hemolysin-induced K� efflux 23–25
Bacillus anthracis Anthrax Lethal toxin NLRP1 inflammasome activation 21

G�

Legionella pneumophila Legionnaires’ pneumonia Flagellin-induced NLRC4 inflammasome
activation

30, 31

Shigella flexneri Food-borne disease Type 3 secretion system protein-induced
NLRC4 inflammasome activation

27, 28

Salmonella typhimurium Food-borne disease Flagellin- and type 3 secretion system
protein-induced NLRC4 inflammasome
activation

28

Escherichia coli Food-borne disease, opportunistic and
nosocomial disease, sepsis, meningitis

Flagellin- and type 3 secretion system
protein-induced NLRC4 inflammasome
activation

28

Burkholderia pseudomallei Melioidosis Type 3 secretion system protein-induced
NLRC4 inflammasome activation

28

Pseudomonas aeruginosa Opportunistic and nosocomial infections Membrane disruption- and type 3 secretion
system protein-induced NLRC4
inflammasome activation

28, 29

Neisseria gonorrhoeae Sexually transmitted infection, pelvic
inflammatory disease

Cathepsin B release from lysosomes 26

Vibrio spp. Cholera, wound infections Hemolysin and NF�B activation 75
Porphyromonas gingivalis Periodontal disease ? 76
Borrelia burgdorferi Lyme disease ? 77
Mycobacterium tuberculosis Lung disease Bacterial secretion system detection and

membrane disruption
78

Chlamydia trachomatis Sexually transmitted infection, pelvic
inflammatory disease, eye infection

K� efflux, type 3 secretion system bacterial
protein detection, ROS

79

Fungal products
Aspergillus fumigatus Opportunistic infections K� efflux, ROS, Syk kinase activation 80
Candida albicans Candidiasis, opportunistic infections K� efflux, ROS, Syk kinase activation, hypha

formation
38–40

Zymosan mannan Pannexin-1 hemichannel protein activation 37
�-Glucan K� efflux, ROS, Syk kinase activation 81

Viruses
DNA/vaccinia Vaccines Viral endocytosis 33, 35
RNA/influenza Influenza RNA sensing, lysosomal acidification, ROS,

RIG-1 RNA helicase activation
32, 34, 36

Parasites
Hemozoin Malaria K� efflux, ROS, uric acid generation,

endocytosis, Syk kinase activation
41–43

Particles
Alum Vaccines K� efflux, lysosomal damage with cathepsin B

release, endocytosis
54, 82–85

Asbestos Occupational lung disease K� efflux, ROS, endocytosis 53
Silica Occupational lung disease K� efflux, ROS, endocytosis, cathepsin B

release, TNF
46, 52, 53, 83

Danger signals
Amyloid � Alzheimer disease Lysosomal damage with cathepsin B release 55
Monosodium urate Gout, lung fibrosis Particle endocytosis 49, 86
Calcium pyrophosphate dehydrate Pseudogout Particle endocytosis 49
Biglycan Tissue injury ROS 50
Hyaluronin Trauma Endocytosis, lysosomal digestion of

hyaluronin
51

Necrotic cells Cancer therapy Mitochondrial release of ATP from dying
cells

87–89

ATP Sterile inflammatory response K� efflux 23, 45, 46
RNA Double-stranded RNA sensing 90, 91

Other
UVB light Sun exposure Increase in cytoplasmic Ca2� 92
Implant metals Orthopedic implants Metal ion sensing, ROS 93
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hyperactive inflammasome. During steady-state conditions,
NLRP3 may assume an inactive or “closed” conformation with
the LRRdomain andNBD in a folded position. CAPSmutations
may disrupt the binding between the two domains, resulting in
a labile “open” conformation (20). This hyperactive state is
dependent on nucleotide binding because disruption of the
WalkerAnucleotide-bindingmotifs has been shown to prevent
in vitro IL-1� secretion from recombinant mutant monocytic
cells (45). Although the above theory is compelling, true exper-
imental evidence is lacking, and the exact mechanism underly-
ing the increased inflammasome activation in CAPS patients is
still unclear.
Ex vivo studies of peripheral blood mononuclear cells from

CAPS patients provide clear evidence of increased inflam-
masome activation. These cells demonstrate either constitutive
IL-1� release or increased production compared with control
cells in response to various doses of a proinflammatory stimu-
lus such as LPS (67). Low concentrations of crude LPS prepa-
rations stimulate maximal secretion of mature IL-1� from
CAPS cells, whereas control cells require much higher concen-
trations, likely because trace amounts of contaminating ATP
are needed as a second signal for inflammasome activation.
Indeed, CAPS peripheral blood mononuclear cells release
IL-1� when treated with pure preparations of LPS in the
absence ofATP,whereas control cells have increased pro-IL-1�
transcription but require ATP for mature IL-1� to be released.
Pharmacologic inhibition of caspase-1 at least partially abro-
gates release from control and CAPS cells; thus, this process is
inflammasome-dependent (68).
The development of recombinant mice with CAPS-associ-

ated mutations in the murine Nlrp3 gene has provided further
functional data to support the central role of the inflammasome
in CAPS pathology. Mice expressing MWS-associated muta-
tions devised by two independent groups show evidence of sys-
temic inflammation, including neutrophilic infiltration and tis-
sue cytokine expression involving the skin, lymphoid organs,

joints, muscle, and conjunctiva, that is consistent with the clin-
ical picture of CAPS patients. In addition, significantly elevated
serum levels of IL-1� and IL-18 were observed inmutantMWS
pups. Bone marrow-derived myeloid cells from these mice
release increased IL-1� in response to crude LPS and do not
require ATP for IL-1� release in response to pure LPS, similar
to mononuclear cells from CAPS patients (69, 70). Interest-
ingly, although complete phenotypic rescue occurred when the
mutation was expressed on a PYCARD-null background,
breeding onto an IL-1 receptor-null background only partially
aborted the CAPS phenotype, and treating with high doses of a
mouse form of the IL-1 Trap molecule (rilonacept) extended
life by 3 days on average (69). Taken together, these findings
indicate that murine CAPS is inflammasome-dependent, but
other mediators besides IL-1� play a significant role in pathol-
ogy. Given patients’ dramatic response to IL-1-targeted ther-
apy, it is perhaps surprising that the mouse model had such
significant disease in the absence of IL-1 signaling; however,
someCAPS patients continue to have underlying inflammation
despite adequate treatment, and the arthropathy characteristic
of NOMID is completely nonresponsive. It is thus likely that
cytokines besides IL-1�, such as IL-18, play roles in both human
and murine CAPS.

Cold-induced Inflammation in FCAS

Patients with FCAS, the mildest CAPS phenotype, consis-
tently report development of fever, rash, and joint pain after a
generalized cold exposure. Although patients show some evi-
dence of chronic systemic inflammation, these cold-induced
episodes are self-limited. Symptoms associated with these epi-
sodes can be consistently reproduced in a controlled environ-
mental cold room challenge by exposing patients to 4 °C for
�30 min, followed by natural warming to room temperature.
Within 1 h of challenge, a urticaria-like rash develops on
exposed and unexposed areas, and fever and joint pain develop
within the first 2–3 h. Symptoms peak at �8 h, coinciding with

IL-1β

NLRP3

caspase-1
active p10/p20

proIL-18IL-18

LPS

ATP
CAPS mutant
NLRP3

proIL-1β

FIGURE 3. CAPS-associated mutation in the nucleotide-binding site of NLRP3 results in a labile open conformation that leads to excess caspase-1
activation and secretion of active IL-1� and IL-18.
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blood neutrophilia, and both resolve within 12–18 h. Serum
IL-1� levels are undetectable throughout the cold-induced epi-
sodes; however, serum IL-6, often used as a surrogate for IL-1�,
increases within 1 h and peaks at 4 h post-challenge, preceding
the peak of symptoms. Tissue expression of IL-1� and IL-6 is
associated with neutrophilic infiltrate in the dermis of affected
skin, but not in adjacent unaffected areas. All symptoms and
laboratory features are completely abrogated by pretreatment
with recombinant IL-1 receptor antagonist (anakinra), demon-
strating the central role of IL-1� in the pathogenesis of this
disorder (71).
The mechanisms underlying this unusual inflammatory

response to temperature are still unclear. It is known that cul-
tured adherent monocytes from patients with FCAS, but not
normal controls, release IL-1� when exposed to temperatures
similar to that of human skin (32 °C), but not at core body tem-
perature (37 °C) (72). A similar cold-induced response is
observed in bone marrow-derived dendritic cells isolated from
mice with a common FCASmutation, but not in the same cells
generated from a mouse with a MWSmutation (69). This phe-
nomenon suggests that specific inflammatory cells of myeloid
origin have the ability to senseminor temperature changes. The
transient receptor potential ion channels used by neurons to
detect temperature change have also been identified on mye-
loid cells.3 Another knownmechanism underlying responses to
temperature involves heat and cold shock proteins, chaperones
that interact with and stabilize protein complexes. It is known
that HSP90 interacts with the inflammasome, but whether this
protein plays a role in the response to temperature observed in
FCAS remains to be seen (73). Finally, small changes in temper-
ature can have significant effects on protein structure, so it is
likely that specific FCAS-associated mutations in the gene
encoding NLRP3 change the protein dynamics and affect the
inter- and intraprotein domain-domain interactions. Further
study is required to determine whether one or more of these
mechanisms are involved in the FCAS response and whether
this response plays a role in other temperature-related diseases.

Conclusion

The inflammasome is a master regulator of inflammation,
translating a variety of microbe- and host-derived distress sig-
nals into IL-1� activation. As new research elucidates the roles
of NLR proteins and the autoinflammatory disease family fur-
ther expands, it is likely that new clinical uses for IL-1 inhibitors
will be recognized. As a clear example of the direct effects of
inflammasome dysregulation, CAPS-related research will be
invaluable to the study of more complex disorders and the
application of targeted therapies.
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Nat. Immunol. 8, 497–503
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Molecular, cellular, and animal-based studies have recently
exposed circadian clocks as critical regulators of energy balance.
Invariably, mouse models of genetically manipulated circadian
clock components display features indicative of altered lipid/
fatty acid metabolism, including differential adiposity and cir-
culating lipids. The purpose of this minireview is to provide a
comprehensive summary of current knowledge regarding the
regulation of fatty acid metabolism by distinct cell autonomous
circadian clocks. The implications of these recent findings for
cardiometabolic disease and human health are discussed.

Ranging from the transcriptome to whole body energy bal-
ance, considerable evidence exists in support of the concept
that fatty acid (FA)2 metabolism is regulated in a time of day-
dependent fashion inmammals, including humans. That whole
organism FA metabolism is influenced by daily fluctuations in
activity/nutritional status is widely recognized (e.g. increased
FA oxidation rates during periods of intermittent fasting).
Manipulation of dietary macronutrient quantity and quality, as
well as the timing of meals throughout the 24-h day, markedly
impacts whole body FA metabolism. Time of day-dependent
oscillations in whole body FAmetabolism occur concomitantly
with daily changes in circulatingmetabolites (e.g.non-esterified
FAs, triglycerides) and various neurohumoral factors known to
influence triglyceride turnover in a significant manner (e.g.
insulin, norepinephrine). Collectively, these observations have
led to suggestions that fluctuations in external/environmental
influences (e.g. light and food availability) primarily drive daily
rhythms in FA metabolism via associated oscillations in circu-
lating nutrients and metabolically relevant neural and hormo-
nal inputs. However, recent molecular studies present compel-
ling evidence that cell autonomous circadian clocks act as

molecular cornerstones in metabolic homeostasis and
energy balance.

Circadian Clocks Influence Whole Body Energy Balance

Within the last decade, a wealth of information has firmly
established the mammalian circadian clock as an important
regulator of energy homeostasis (1–4). In turn, metabolism has
emerged as an integral clock component, such that perturba-
tions in the metabolic milieu influence the clock mechanism
(5). Themammalian circadian clock is a cell autonomous, tran-
scriptionally basedmechanism composed of an expanding list of
core proteins that generate a series of feedback loops, resulting in
rhythmic expression of clock components and downstream target
genes (6, 7). Great effort has been made to identify clock output
genes (8). Both hypothesis-generating and hypothesis-testing
methodologies have been utilized to investigate time of day-de-
pendent (diurnal and circadian) transcriptional oscillations in tis-
sues/cells fromwild-type and genetically modified rodent models
(9–17). The reported observations unequivocally demonstrate
that a large proportion of transcripts oscillating in a 24-h manner
encode critical regulators of multiple energy metabolism path-
ways. These transcriptional oscillations likely translate to cell
autonomouscircadianclock-mediateddaily fluctuations inenergy
metabolism/balance (5).
Multiple mousemodels of genetically manipulated circadian

clock components display gross phenotypic alterations indica-
tive of changes in energy balance (e.g. body weight and adipos-
ity). Genetic manipulation of CLOCK and BMAL1, two tran-
scription factors that reside within the core of the mammalian
mechanism, provides prime examples (18, 19). Turek and co-
workers (20) reported that Clock�19mutant mice (harboring a
dominant-negative mutation in the clock gene) exhibit a meta-
bolic syndrome-like phenotype (including increased adiposity
and dyslipidemia) on a C57BL/6J background. In marked con-
trast, genetic ablation of BMAL1, the heterodimerization part-
ner of CLOCK, results in leanness (21). Somewhat surprisingly,
both Clock�19 and Bmal1 null mice exhibit increased insulin
tolerance (relative to wild-type controls) (22). However, glu-
cose intolerance is observed in both models, likely consequent
to impaired insulin secretion (23–25). Indeed, persistence of
circadian oscillations in insulin secretion by cultured �TC-3
insulinoma cells is indicative of direct clock control (26).
Underscoring the impact of circadian clocks on energy balance,
Clock�19 mutant mice show a modest increase in food intake
concomitant with decreased energy expenditure, resulting in
positive energy balance (consistent with the reported obesity
propensity) (20).
In terms of metabolic phenotyping, Clock�19 mutant and

Bmal1 null mice are among the most extensively characterized
models of genetic perturbation of the mammalian circadian
clock. It is noteworthy that several additional models of clock
disruption have also been characterized metabolically, albeit to
varying extents. These include genetic manipulation of the
cryptochrome, period, Rev-erb�, and retinoid-related orphan
receptor-� genes (27–31). Furthermore, putative clock-con-

* This work was supported, in whole or in part, by National Institutes of Health
Grant HL-074259 from NHLBI (to M. E. Y.). This work was also supported by
Kraft Foods Inc. (to M. S. B. and M. E. Y.). This minireview will be reprinted in the
2011 Minireview Compendium, which will be available in January, 2012.
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2 The abbreviations used are: FA, fatty acid; MTP, microsomal triglyceride
transfer protein; LPL, lipoprotein lipase; PPAR�, peroxisome proliferator-
activated receptor-�; ACM, adipocyte-specific clock mutant; CCM, car-
diomyocyte-specific clock mutation; RER, respiratory exchange ratio.
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trolled components hypothesized to act as key molecular links
between the circadian clock and energy balance have been
investigated (e.g. AMP-activated protein kinase, GSK3�, noc-
turin, andPGC1�/�) (32–36). In all cases, geneticmanipulation
of clock components or putative clock outputs results in dis-
tinct perturbations in energy homeostasis. Despite this wealth
of recent molecular knowledge, the current understanding of
the mechanisms by which cell autonomous clocks directly
influence flux through discretemetabolic pathways is less clear.
Energy balance is the product of the complex interaction between
genes (affording predisposition toward leanness or obesity) and
environment (inclusive of nutrition, physical activity, and theneu-
rohumoralmilieu). Circadian clocksmay potentially impact, or be
impacted by, any of these factors. For example, diurnal rhythms in
food intake and physical activity are attenuated in Clock�19
mutant mice, which is associated with loss of rhythms in various
humoral factors (20). Because of the ubiquitous nature of the cir-
cadian clock (present within virtually all mammalian cells), the
host of processes that this timekeeper likely influences (estimated
to regulate�10%of the transcriptome) and the fact that distinct
clock components may exert differing effects, defining the
mechanism(s) by which a cell autonomous clock directly reg-
ulates distinct metabolic processes such as FA metabolism,
present a significant challenge.

Direct Regulation of FA Metabolism by Cell Autonomous
Clocks?

FA metabolism encompasses multiple processes (including
dietary lipid digestion and absorption, lipoprotein metabolism,
de novo FA synthesis, triglyceride turnover, phospholipid
metabolism, and FA oxidation) orchestrated by distinct cell
types (including enterocytes, hepatocytes, adipocytes, and
myocytes) (Fig. 1). In each case, evidence exists supporting the
concept that circadian clocks influence these processes either
directly or indirectly. Classically, indirect evidence of regula-
tion by circadian clocks has included persistence of a 24-h
rhythmic pattern under constant environmental conditions, as
well as loss of this rhythmicity in models of genetic disruption
of circadian clock components (e.g. Clock�19 mutant and
Bmal1 null mice) (6). To unveil metabolic processes directly
regulated by a cell autonomous clock, 24-h rhythmic patterns
must persist in cultured cells, and/or rhythmicity should be lost
in models of cell type-specific clock disruption. The most
robust conclusions related to metabolism are based on meas-
urement ofmetabolic fluxes as opposed to indirectmarkers (e.g.
gene and protein expression or activity of metabolic enzymes,
steady-state levels of metabolites in plasma or tissues). For the
sake of brevity, this minireview will focus on pathways unique

FIGURE 1. FA metabolism within metabolically relevant tissues. NEFA, non-esterified FA; MAG, monoacylglycerol; TAG, triacylglycerol; PL, phospholipid; CE,
cholesterol ester; LP, lipoprotein; VLDL, very low density lipoprotein.
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to FA metabolism. As such, little attention will be given to de
novo FA synthesis due to unavoidable overlap with carbohy-
drate and amino acid metabolism.
Dietary Lipid Digestion/Absorption—Multiple aspects of

digestion/absorption exhibit a time-of-day dependence in
mammals, including food intake, gastric emptying, and intesti-
nal motility, as well as the expression and activity of critical
digestive enzymes and nutrient transport systems (37, 38). This
is exemplified by lipid digestive capacity and absorption. Vari-
ous enzymes/proteins involved in these processes exhibit diur-
nal variations at gene, protein, and activity levels, as well as flux
(39, 40). Lipid absorption has been shown to peak during the
beginning of the active/awake period, a time at which food
intake often increases (40). This peak in lipid absorption is asso-
ciated with greater activity of digestive lipases, as well as the
enzymes involved in chylomicron synthesis within intestinal
enterocytes (40, 41). Pan andHussain (40) have shown that time
of day-dependent oscillations in these parameters are attenu-
ated in Clock�19 mutant mice on the C57BL/6J background,
resulting in increased capacity for lipid absorption. In contrast,
the Clock�19 mutation on the ICR background impairs lipid
digestion/absorption (42). In addition, disruption of nocturin, a
clock output gene encoding a deadenylase, confers resistance to
high fat feeding-induced obesity, a phenotype that has been
attributed to impaired lipid digestion/absorption (34).
An important question relates to whether cell autonomous

circadian clocks, perhaps within intestinal enterocytes, directly
regulate lipid digestion/absorption. Microsomal triglyceride
transfer protein (MTP) is a critical enzyme in lipoprotein (e.g.
chylomicron) synthesis, and levels of MTP correlate closely
with plasma lipids and lipoproteins (39).MTP activity oscillates
in a time of day-dependent manner in enterocytes, peaking at
the beginning of the active period (40). Importantly, oscillations
persist in cultured Huh-7 cells and are abolished when the cir-
cadian clock is genetically disrupted (43). Collectively, these
studies have led to the hypothesis that direct control of MTP
(and/or other relevant enzymes/proteins) by the enterocyte cir-
cadian clock may play an important role in time of day-depen-
dent oscillations in lipid digestion/absorption.
Lipoprotein Metabolism—Plasma total triglyceride and lipo-

proteins exhibit time of day-dependent oscillations, as do de
novo lipogenesis and cholesterol synthesis (43–46). Oscilla-
tions in circulating triglyceride/lipoproteins cannot be
accounted for solely by rhythms in food intake, as they persist
during prolonged fasting (47). Furthermore, these oscillations
are attenuated in Clock�19 mice, suggesting mediation by the
circadian clock in some manner (43). Similar to intestinal
enterocytes, MTP expression (gene and protein) oscillates in a
time of day-dependent manner in wild-type (but not Clock�19
mutant) livers (43). Rhythms in lipoprotein-associated triglyc-
eride hydrolysis could potentially contribute toward oscilla-
tions in circulating triglycerides. Lipoprotein lipase (LPL) activ-
ity demonstrates distinct time of day-dependent oscillations in
peripheral tissues, which are essentially antiphase in muscle
compared with adipose tissue (48). LPL activity appears to be
under direct circadian clock control (49). This has led Gimble
and Floyd (49) to hypothesize that cell autonomous circadian
clocks may channel lipoprotein-derived triglyceride utilization

into adipose tissue andmuscle at distinct times of the day. Col-
lectively, these observations suggest that cell autonomous cir-
cadian clocks may drive both lipoprotein synthesis (i.e. intesti-
nal enterocyte and hepatocyte clocks) and utilization (i.e.
myocyte and adipocyte clocks).
Triglyceride Turnover—Given that ubiquitous genetic

manipulation of clock components influences adiposity, several
laboratories have attempted to establish links between circa-
dian clocks with adipocyte function. Consistent with the lean
phenotype observed in Bmal1 null mice, studies by Shimba et
al. (50) defined a critical role for Bmal1 in adipogenesis.
Although direct measures of metabolic flux were not reported
in these studies (i.e. lipolysis/lipogenesis), the investigators
observed that Bmal1 directly influences the activity of tran-
scription factors known to modulate expression of numerous
triglyceride metabolism enzymes (e.g. peroxisome proliferator-
activated receptor-� (PPAR�), CCAAT/enhancer-binding pro-
tein-�/�, etc.) (50). Subsequently, BMAL1 has been shown to
associate directly with PPAR� (51). Similar to Bmal1 null mice,
PER2-deficient mice exhibit a lean phenotype, and molecular
studies reveal a direct PER2-PPAR� interaction (29). More
recently, we have generated a novel mouse model wherein the
circadian clock is disrupted in an adipocyte-specific manner in
vivo, through targeted expression of the CLOCK�19 mutant
protein in adipocytes (termed adipocyte-specific clock
mutant (ACM) mice) (52). Similar to the ubiquitous Clock�19
mutant mouse, ACM mice exhibit an obesity phenotype, sug-
gesting that the adipocyte clock directly influences adiposity
(20, 52). Microarray studies on white adipose tissue from wild-
type versus ACMmice revealed differential gene expression of
multiple triglyceride metabolism enzymes (e.g. FA transporter,
glycerol kinase) (52). However, to date, triglyceride turnover
rates have not been assessed in adipose tissue of this or other
genetic models of clock disruption.
A significant question remaining is whether cell autonomous

clocks directly regulate triglyceride turnover (at a metabolic
flux level). This questionwas recently addressed using the heart
as a model of an insulin-sensitive, metabolically active organ.
Like adipose tissue, the heart actively synthesizes and degrades
triglyceride in a time of day-dependentmanner, and abnormal-
ities in myocardial triglyceride turnover have been linked to
cardiovascular disease progression (53–56). Adipose triglycer-
ide lipase expression in the heart is second only to that in adi-
pose tissue, and genetic ablation of this lipase results in severe
cardiac steatosis and sudden cardiac death (57). Studies using a
mousemodel of cardiomyocyte-specific clockmutation (CCM)
revealed that this clock directly regulates triglyceride turnover,
independent of extrinsic influences (54). More specifically, this
cell autonomous clock promotes increased rates of lipolysis
during the less active/sleep phase (54). Clock-driven attenua-
tion of lipolysis during the active phase in turn augments tri-
glyceride accumulation at this time (54).
Phospholipid Metabolism—Phospholipids have essential

structural and signaling functions (58–61). Steady-state levels
of phospholipids, rates of their synthesis, and activity of key
phospholipid metabolism enzymes have been shown to exhibit
diurnal variations inmultiple tissues, which generally peak dur-
ing the inactive/sleep phase (53, 62, 63). Multiple lines of evi-
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dence exist in support of the concept that time of day-depen-
dent rhythms in phospholipid metabolism are driven by cell
autonomous circadian clocks. For example, rhythms in phos-
pholipid synthesis and the activity of phosphatidate phospho-
hydrolase persist in retinal cells during constant darkness (63).
Through the use of radiolabeled tracers, Marquez et al. (64)
reported that fibroblasts exhibit 24-h oscillations in phospho-
lipid biosynthesis in culture. Importantly, the investigators
reported that these circadian oscillations are absent in fibro-
blasts isolated from either Per1 null or Clock�19 mutant mice
(64). Similar rhythmic patterns were reported for synthesis of
individual phospholipids, such as phosphatidylethanolamine
and phosphatidylcholine (64). Collectively, these observations
provide substantial evidence that cell autonomous clocks
directly regulate phospholipid synthesis in a time of day-depen-
dent manner. Additional studies are required to reveal the rel-
ative contribution of extrinsic (i.e. neurohumoral) versus cell
autonomous circadian clock influence on phospholipid synthe-
sis rhythms in the in vivo setting.
FA Oxidation—A important question, in terms of common

metabolic diseases (such as obesity, diabetes mellitus, and car-
diovascular disease), is whether peripheral circadian clocks
directly regulate FA �-oxidation. Whole body FA oxidative
metabolism can be determined relatively easily by indirect cal-
orimetry. If circadian clocks were to coordinately regulate FA
oxidation in metabolically active tissues, then time of day-de-
pendent oscillations in the respiratory exchange ratio (RER)
should persist under constant darkness (i.e. circadian condi-
tions) and should be absent in mouse models of clock disrup-
tion. Somewhat surprisingly, an exhaustive literature search
was unable to identify previously published studies reporting
RER during constant darkness (despite multiple studies report-
ing energy expenditure, body temperature, and physical activity
under circadian conditions). Thus, we housed wild-type mice
within calorimeters under constant environment-controlled
conditions. As anticipated, circadian oscillations in RER were
observed throughout the 4-week period of temperature-con-
trolled constant darkness.3 A surprisingly similar lack of infor-
mation has been published regarding time of day-dependent
oscillations in RER for genetic mouse models of clock disrup-
tion. Again, despite multiple studies reporting energy expend-
iture, body temperature, and physical activity in these models,
only one published study has reported RER oscillations in mice
following disruption of a core circadian clock component.
Vollmers et al. (27) found that diurnal variations in RER are
absent in CRY1/CRY2 double knock-out mice. It is noteworthy
that RER has recently been reported in PER2 null mice,
although the data were presented as daily average values; no
difference was observed between wild-type and PER2 null mice
for 24-h averaged RER values (29).
Collectively, the aforementioned observations suggest that

circadian clocks potentially influence whole body FA oxidation
rates over the course of the day. The subsequent question
relates towhether this regulation is direct or indirect. Anumber
of factors influence FA oxidation, including substrate availabil-

ity and energetic demand. As such, both food intake and phys-
ical activity, processes known to be under clock control,
strongly impact whole body FA oxidation rates. Indeed, oscil-
lations in these behaviors persist under circadian conditions
and are altered (to differing extents) following genetic disrup-
tion of circadian clock components (6). This is exemplified in
CRY1/CRY2 double knock-out mice, for which both food
intake and RER oscillations are ablated (27). Importantly, rees-
tablishment of time of day-dependent food intake oscillations
in CRY1/CRY2 double knock-out mice through enforced
restricted feeding completely restores oscillations in RER, sug-
gesting that a significant proportion of the regulation of FA
oxidation dictated by circadian clocks is secondary to regula-
tion of pertinent behaviors (such as food intake) (27).
Similar to the rationale discussed for non-oxidative FA

metabolismpathways, to determinewhether a cell autonomous
clock directly regulates FA oxidation rates requires measure-
ment ofmetabolic fluxes in an isolated cell-based systemand/or
use of models in which the clock is disrupted in a cell type-
specific manner. Of the cell type-specific models reported thus
far, only one study has investigated rates of FA oxidation in a
time of day-dependent manner. Neither wild-type rat nor
mouse hearts exhibit diurnal variations in FA oxidation rates
(15, 53). Furthermore, only slight (10%) differences in FA oxi-
dation rates are observed between wild-type and CCM hearts,
which are independent of time of day (15). As such, these data
do not support the hypothesis that cell autonomous clocks
directly regulate FA oxidation over the course of the day. Inter-
estingly, expression of the CLOCK�19 mutant protein in skel-
etal muscle also results in a slight increase in FA oxidation rates
in soleus muscles (although time-of-day dependence was not
investigated) (52).

Does the Cell Autonomous Circadian Clock Directly
Regulate FA Oxidation?

As outlined above, considerable published evidence suggests
that cell autonomous circadian clocks directly regulate non-
oxidative FAmetabolism.What is less convincing at this time is
whether the influence of clocks on FA oxidative metabolism is
direct or indirect (e.g. secondary to behavioral and/or neurohu-
moral changes). At a transcriptional level, multiple genes
known to encode key FA oxidation regulators oscillate in a time
of day-dependent manner in metabolically active tissues (23,
27, 65). However, no data are currently available that suggest
these transcriptional changes translate to significant oscil-
lations in FAoxidation rateswithin a specificmetabolically active
tissue independent of feeding and/or activity status. Clearly,
this could be due to lack of experimental findings at this time, as
opposed to lack of phenomena. Indeed, in the heart, absence of
oscillations in FA oxidation rates is not unexpected, given that
rates are basally high, and increased energetic demands (during
periods of increased contractile function) are generally met by
alterations in carbohydrate metabolism, as opposed to FA oxi-
dation (66). Whether FA oxidation rates oscillate in other met-
abolically active tissues (e.g. liver, skeletal muscle, adipose
tissue) over the course of the day in a cell autonomous clock-
dependent manner remains to be determined.3 M. S. Bray and M. E. Young, unpublished observations.
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An additional possibility that should be considered relates
to the primary function of circadian clocks: to provide the
selective advantage of anticipation (7). Reliance on FAs as a
fuel is elevated during periods of prolonged fasting and fol-
lowing a high fat meal. For the animal in the wild, prolonga-
tion of the overnight fast would occur when foraging upon
waking was unsuccessful. Anticipating high circulating FAs
at the beginning of the active period would be a selective
advantage, allowing rapid activation of FA oxidation while
the animal continues its forage for food and/or avoids pre-
dation. Evidence exists in support of a role for cell autono-
mous clocks in anticipation of fasting. For example, prolon-
gation of the sleep phase fast in mice results in a rapid
induction of transcripts known to promote FA oxidation in
cardiac and skeletal muscles, a phenomenon that is markedly
attenuated in clock-ablated CCM hearts (65, 67). Therefore,
the potential role for cell autonomous clocks in the direct
regulation of FA oxidation may not be apparent in the ad
libitum fed laboratory rodent but can be exposed when time
of day-dependent dietary challenges are imposed.

Implications for Dietary Intake and Energy Balance

Fig. 2 summarizes current knowledge regarding temporal
regulation of FA metabolism by cell autonomous circadian
clocks, as highlighted above. Armed with this knowledge, one
can formulate evidence-based hypotheses regarding metabolic
outcomes following time of day-dependent FA challenges. In
the intact animal, FA challenges are achieved easily through
dietary manipulation (e.g. fasting or high fat meal feeding).
Time of day-dependent high fat meal consumption may be
most relevant in terms of human health inWestern society. As
food intake usually occurs during the active/awake phase, the
metabolic consequences following high fat meal consumption
at the beginning or end of this period (i.e. for breakfast or din-
ner, respectively) may differ dramatically. Through a series of
long-term, time of day-dependent, high fat meal feeding stud-
ies, we recently examined the metabolic response to high fat
feeding at different times of the day (68). Mice were provided a
high fat meal either at the beginning or end of the active period.
For these studies, mice consumed the same total number of
daily calories, as well as the same proportion of calories from
fat, carbohydrate, and protein. The only variablewas the time of
day at which fat (and reciprocally carbohydrate) calories were
consumed. Mice fed a high fat diet during the end of the active
phase were not able to activate �-oxidation and had increased
body weight, increased adiposity, increased cardiac steatosis,
and decreased glucose tolerance, as well as hypertriglyceri-
demia, hyperinsulinemia, and hyperleptinemia, compared with
mice fed the same high fat meal at the beginning of the active
phase (Fig. 3) (68). Thus, the time of day atwhich a high fatmeal
is consumed influences multiple cardiometabolic syndrome
parameters independent of total daily caloric quantity and
quality.

FIGURE 2. Time of day-dependent oscillations in FA metabolism that are
known to be influenced by circadian clocks either directly or indirectly.
FAO, FA oxidation; TAG, triacylglycerol; PL, phospholipid; CE, cholesterol ester.

FIGURE 3. Distinct high fat meal feeding regimes (A) differentially influence RER (B), adiposity (C), and glucose tolerance (D). Data were published
previously in Ref. 68. *, p � 0.05 for early high fat feeding versus late high fat feeding.
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The observations made in our time-of-day feeding studies
are consistent with the information summarized in Fig. 2. Con-
sumption of a high fat meal upon awakening will result in rapid
digestion and absorption of dietary FAs, followed by elevation
in plasma chylomicron and non-esterified FA levels. Both act as
sources of FAs for metabolically active peripheral tissues (e.g.
skeletal muscle, heart). Increased LPL activity in muscle (cou-
pled with decreased activity in adipose tissue) at this time will
promote channeling of lipoprotein-derived FAs to muscle (48).
Transcriptional responsiveness of peripheral tissues to FAs
increases at the beginning of the active phase, resulting in rapid
induction of enzymes promoting FA �-oxidation, thereby
increasing the capacity to utilize this carbon source for ATP
generation (65). This would in turn minimize lipid accumula-
tion (i.e. net triglyceride synthesis) in adipose and other periph-
eral tissues, thereby promoting leanness and insulin sensitivity.
Conversely, when a high fat meal is consumed at the end of the
active period (i.e. dinner), lipid digestion and absorption are
likely slower at this time of the day, resulting in a prolonged
elevation of plasma lipids, even into the sleep phase. Respon-
siveness of metabolically active peripheral tissues to FAs is not
as great during the end of the active period, likely resulting in a
blunted oxidation of dietary FAs. At this time, capacity for tri-
glyceride synthesis is at a peak (54). Limited �-oxidation and
increased triglyceride synthesis capacity, coupled with
increased adipose tissue LPL activity, will promote adiposity.
Furthermore, elevation of both plasma and intracellular lip-
id/FA levels during the sleep phase would provide carbon for
channeling into phospholipid and cholesterol ester synthesis
(53). The latter may in turn contribute to imbalanced signaling
and/or lipotoxicity. Collectively, consumption of a high fat
meal at the end of the active period promotes obesity and insu-
lin resistance.

Summary

Research to date using global and tissue-specific models of
circadian clock disruption provide substantial evidence that
this molecular mechanism plays an important role in energy
balance and lipid metabolism. Processes from digestion/ab-
sorption to cellular metabolism all appear under clock control,
either direct or indirect. The knowledge gained by this research
points to the importance of timing of energy intake and expend-
iture as critical components of energy balance. Future studies
are needed to elucidate fully the roles that cell autonomous
clocks play in lipid metabolism and human health.

REFERENCES
1. Green, C. B., Takahashi, J. S., and Bass, J. (2008) Cell 134, 728–742
2. Wijnen, H., and Young, M. W. (2006) Annu. Rev. Genet. 40, 409–448
3. Rutter, J., Reick, M., and McKnight, S. L. (2002) Annu. Rev. Biochem. 71,

307–331
4. Sahar, S., and Sassone-Corsi, P. (2009) Nat. Rev. Cancer 9, 886–896
5. Bass, J., and Takahashi, J. S. (2010) Science 330, 1349–1354
6. Takahashi, J. S., Hong, H. K., Ko, C. H., andMcDearmon, E. L. (2008)Nat.

Rev. Genet. 9, 764–775
7. Edery, I. (2000) Physiol. Genomics 3, 59–74
8. Lowrey, P. L., and Takahashi, J. S. (2004) Annu. Rev. Genomics Hum.

Genet. 5, 407–441
9. Storch, K. F., Lipan, O., Leykin, I., Viswanathan, N., Davis, F. C., Wong,

W. H., and Weitz, C. J. (2002) Nature 417, 78–83

10. McCarthy, J. J., Andrews, J. L., McDearmon, E. L., Campbell, K. S., Barber,
B. K., Miller, B. H., Walker, J. R., Hogenesch, J. B., Takahashi, J. S., and
Esser, K. A. (2007) Physiol. Genomics 31, 86–95

11. Rudic, R. D., McNamara, P., Reilly, D., Grosser, T., Curtis, A. M., Price,
T. S., Panda, S., Hogenesch, J. B., and FitzGerald, G. A. (2005) Circulation
112, 2716–2724

12. Martino, T., Arab, S., Straume,M., Belsham, D. D., Tata, N., Cai, F., Liu, P.,
Trivieri, M., Ralph, M., and Sole, M. J. (2004) J. Mol. Med. 82, 256–264

13. Reddy, A. B., Karp, N. A., Maywood, E. S., Sage, E. A., Deery, M., O’Neill,
J. S., Wong, G. K., Chesham, J., Odell, M., Lilley, K. S., Kyriacou, C. P., and
Hastings, M. H. (2006) Curr. Biol. 16, 1107–1115

14. Kornmann, B., Schaad, O., Bujard, H., Takahashi, J. S., and Schibler, U.
(2007) PLoS Biol. 5, e34

15. Bray, M. S., Shaw, C. A., Moore, M. W., Garcia, R. A., Zanquetta, M. M.,
Durgan, D. J., Jeong, W. J., Tsai, J. Y., Bugger, H., Zhang, D., Rohrwasser,
A., Rennison, J. H., Dyck, J. R., Litwin, S. E., Hardin, P. E., Chow, C. W.,
Chandler, M. P., Abel, E. D., and Young, M. E. (2008)Am. J. Physiol. Heart
Circ. Physiol. 294, H1036–H1047

16. Yang, X., Downes, M., Yu, R. T., Bookout, A. L., He, W., Straume, M.,
Mangelsdorf, D. J., and Evans, R. M. (2006) Cell 126, 801–810

17. Ptitsyn, A. A., and Gimble, J. M. (2011) Ann. Med. 43, 1–12
18. Gekakis, N., Staknis, D., Nguyen, H. B., Davis, F. C., Wilsbacher, L. D.,

King, D. P., Takahashi, J. S., and Weitz, C. J. (1998) Science 280,
1564–1569

19. Hogenesch, J., Gu, Y., Jain, S., and Bradfield, C. (1998) Proc. Natl. Aad Sci.
U.S.A. 95, 5474–5479

20. Turek, F. W., Joshu, C., Kohsaka, A., Lin, E., Ivanova, G., McDearmon, E.,
Laposky, A., Losee-Olson, S., Easton, A., Jensen, D. R., Eckel, R. H., Taka-
hashi, J. S., and Bass, J. (2005) Science 308, 1043–1045

21. Bunger, M. K., Walisser, J. A., Sullivan, R., Manley, P. A., Moran, S. M.,
Kalscheur, V. L., Colman, R. J., and Bradfield, C. A. (2005) Genesis 41,
122–132

22. Rudic, R. D., McNamara, P., Curtis, A. M., Boston, R. C., Panda, S., Ho-
genesch, J. B., and Fitzgerald, G. A. (2004) PLoS Biol. 2, e377

23. Kennaway, D. J., Owens, J. A., Voultsios, A., Boden, M. J., and Varcoe, T. J.
(2007) Am. J. Physiol. Regul. Integr. Comp. Physiol. 293, R1528–R1537

24. Marcheva, B., Ramsey, K. M., Buhr, E. D., Kobayashi, Y., Su, H., Ko, C. H.,
Ivanova, G., Omura, C., Mo, S., Vitaterna, M. H., Lopez, J. P., Philipson,
L. H., Bradfield, C. A., Crosby, S. D., JeBailey, L.,Wang, X., Takahashi, J. S.,
and Bass, J. (2010) Nature 466, 627–631

25. Sadacca, L. A., Lamia, K. A., deLemos, A. S., Blum, B., and Weitz, C. J.
(2011) Diabetologia 54, 120–124

26. Allaman-Pillet, N., Roduit, R., Oberson, A., Abdelli, S., Ruiz, J., Beckmann,
J. S., Schorderet, D. F., and Bonny, C. (2004) Mol. Cell. Endocrinol. 226,
59–66

27. Vollmers, C., Gill, S., DiTacchio, L., Pulivarthy, S. R., Le, H. D., and Panda,
S. (2009) Proc. Natl. Acad. Sci. U.S.A. 106, 21453–21458

28. Zhang, E. E., Liu, Y., Dentin, R., Pongsawakul, P. Y., Liu, AC., Hirota, T.,
Nusinow, D. A., Sun, X., Landais, S., Kodama, Y., Brenner, D. A., Mont-
miny, M., and Kay, S. A. (2010) Nat. Med. 16, 1152–1156

29. Grimaldi, B., Bellet, M. M., Katada, S., Astarita, G., Hirayama, J., Amin,
R. H., Granneman, J. G., Piomelli, D., Leff, T., and Sassone-Corsi, P. (2010)
Cell Metab. 12, 509–520

30. Duez, H., and Staels, B. (2009) J. Appl. Physiol. 107, 1972–1980
31. Lau, P., Fitzsimmons, R. L., Raichur, S., Wang, S. C., Lechtken, A., and

Muscat, G. E. (2008) J. Biol. Chem. 283, 18411–18421
32. Vieira, E., Nilsson, E. C., Nerstedt, A., Ormestad, M., Long, Y. C., Garcia-

Roves, P. M., Zierath, J. R., andMahlapuu, M. (2008)Am. J. Physiol. Endo-
crinol. Metab. 295, E1032–E1037

33. McManus, E. J., Sakamoto, K., Armit, L. J., Ronaldson, L., Shpiro, N.,
Marquez, R., and Alessi, D. R. (2005) EMBO J. 24, 1571–1583

34. Green, C. B., Douris, N., Kojima, S., Strayer, C. A., Fogerty, J., Lourim, D.,
Keller, S. R., and Besharse, J. C. (2007) Proc. Natl. Acad. Sci. U.S.A. 104,
9888–9893

35. Liu, C., Li, S., Liu, T., Borjigin, J., and Lin, J. D. (2007)Nature 447, 477–481
36. Sonoda, J., Mehl, I. R., Chong, L. W., Nofsinger, R. R., and Evans, R. M.

(2007) Proc. Natl. Acad. Sci. U.S.A. 104, 5223–5228
37. Hussain, M. M., and Pan, X. (2009) Trends Endocrinol. Metab. 20,

MINIREVIEW: Fatty Acid Metabolism and Circadian Clocks

11888 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 14 • APRIL 8, 2011



177–185
38. Scheving, L. A. (2000) Gastroenterology 119, 536–549
39. Pan, X., and Hussain, M. M. (2007) J. Biol. Chem. 282, 24707–24719
40. Pan, X., and Hussain, M. M. (2009) J. Lipid Res. 50, 1800–1813
41. Ouagued, M., Saraux, B., Girard-Globa, A., and Bourdel, G. (1980) J. Nutr.

110, 2302–2309
42. Oishi, K., Atsumi,G., Sugiyama, S., Kodomari, I., Kasamatsu,M.,Machida,

K., and Ishida, N. (2006) FEBS Lett. 580, 127–130
43. Pan, X., Zhang, Y., Wang, L., and Hussain, M. M. (2010) Cell Metab. 12,

174–186
44. Schlierf, G., and Dorow, E. (1973) J. Clin. Invest. 52, 732–740
45. Hems, D. A., Rath, E. A., and Verrinder, T. R. (1975) Biochem. J. 150,

167–173
46. Edwards, P. A., Muroya, H., and Gould, R. G. (1972) J. Lipid Res. 13,

396–401
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The cystic fibrosis transmembrane conductance regulator
(CFTR) is a unique ion channel in that its gating is coupled to
an intrinsic enzymatic activity (ATP hydrolysis). This enzy-
matic activity derives from the evolutionary origin of CFTR as
an ATP-binding cassette transporter. CFTR gating is distinct
from that of a typical ligand-gated channel because its ligand
(ATP) is usually consumed during the gating cycle. However,
recent findings indicate that CFTR gating exhibits allosteric
properties that are common to conventional ligand-gated
channels (e.g. unliganded openings and constitutive muta-
tions). Here, we provide a unified view of CFTR gating that
combines the allosterism of a ligand-gated channel with its
unique enzymatic activity.

CFTR and ABC Transporters

CFTR2 is an essential anion channel whose dysregulation
causes multiple disorders (1–3). It is the only known ion
channel that links an enzymatic activity (ATP hydrolysis) to
opening and closing of the pore (channel gating). CFTR owes
this property to its origin as an ABC transporter, many oth-
ers of which are active transport ATPases or pumps (4–6).
The fact that CFTR consumes its ligand (ATP) by hydrolysis
during the gating cycle makes it a unique ion channel. How-
ever, recent findings indicate that CFTR gating by ATP also
exhibits features of an allosteric activation mechanism that
are characteristic of more conventional ligand-gated chan-
nels that reversibly bind their ligands. Our main goals in
writing this minireview are (i) to compare those features of

CFTR gating that are unique to its origin as an ABC trans-
porter with those that are shared with other ligand-gated
channels, (ii) to propose a conceptual model of CFTR gating
that merges the allosterism of a ligand-gated channel with its
enzymatic activity, and (iii) to illustrate the importance of
considering allosteric principles when interpreting CFTR
data.
Fig. 1 illustrates the basic operating principles of an ABC

transporter. The crystal structures of the bacterial MsbA
exporter are shown for reference (7). The core structural
components include two TMDs that form the permeation
pathway and two NBDs that mediate the ATP hydrolysis that
fuels active substrate transport. Two ATP molecules bind in
pockets at the interface of an NBD dimer; each binding
pocket is lined with residues from both NBDs (i.e. Walker A
and B sequences from one NBD and an ABC signature
sequence from the opposite NBD). ATP binding to both sites
creates or stabilizes the NBD dimer with an associated rear-
rangement of the translocation pathway by a proposed twee-
zer-like mechanism (7, 8). For an exporter, this involves a
shift from an inward-facing conformation with high sub-
strate affinity to an outward conformation with low sub-
strate affinity. Long cytosolic loops connect the NBDs to the
TMDs and mediate the coupling between ATP binding and
structural rearrangements of the TMDs. The transporter is
reset to the inward-facing conformation following ATP
hydrolysis at one or both sites. Like this generic ABC trans-
porter, CFTR also possesses two TMDs and two NBDs (1, 9),
binds two ATP molecules at the interface of an apparent
NBD dimer (10, 11), and exhibits ATPase activity (12), albeit
predominately at one site (13, 14). The difference for CFTR
is that this enzymatic activity is coupled to a cycle of channel
opening and closing rather than to substrate transport
through the translocation pathway.

Accepted View of the CFTR Gating Mechanism

A simple scheme that illustrates the well accepted features of
CFTR gating is shown in Fig. 2 (see also Refs. 15–17). Channel
opening is normally associated with ATP binding at both com-
posite sites, which promotes or stabilizes an NBD1-NBD2
dimer that can be detected functionally (10) or biochemically by
cysteine cross-linking (11). What makes CFTR different from
typical ligand-gated channels is the exceptionally slow rate of
ATP unbinding (koff � 0.2 s�1), which is due presumably to the
tightness of the NBD1-NBD2 dimer. This is where the enzy-
matic activity of CFTR comes in; ATP hydrolysis and subse-
quent product release destabilize the dimer and increase the
probability of channel closure.
The link between ATP hydrolysis and channel closing has

been deduced from two sorts of experiments: (i) adding poorly
hydrolyzable ATP analogs to channels that first have been
opened by ATP, which greatly prolongs channel openings (the
former are ineffective for opening the channel per se) (18, 19),
and (ii) mutagenesis of key residues for ATP hydrolysis at com-
posite site 2 (e.g. Lys-1250 in NBD2) (10, 20), which also stabi-

* This minireview will be reprinted in the 2011 Minireview Compendium,
which will be available in January, 2012.
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supplemental data.
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lizes channel openings (mean open times of�10 s).3 The strong
effect of site 2 mutations on channel closing argues that this is
the important site for promoting channel closure. This conclu-
sion is supported by biochemical evidence that site 1 bindsATP
very tightly and has a very low hydrolytic rate, whereas hydro-
lysis at site 2 occurs more rapidly (13, 14). The overall ATP
turnover rate of purified CFTR reconstituted in liposomes
occurs within the same time domain as channel gating (i.e.
approximately one ATP molecule hydrolyzed per s versus gat-
ing cycles of similar duration) (12, 16). Presumably, this rate
reflects primarily the turnover rate at site 2.
Channel closing is enhanced by the dissociation of the

hydrolysis products (ADP and phosphate or Pi) from site 2
rather than hydrolysis per se. The best evidence for this point is
the large stabilizing effect of phosphate analogs (e.g. orthovana-
date) on open channel bursts, which presumably form stable
complexes with ADP following Pi release (21). In sum, the best
available data indicate that most channel openings occur when
ATP has bound to both sites. The great majority of closings
follow ATP hydrolysis and product release at site 2 (estimated
to be �95% by Csanády et al. (16)).

An important feature of CFTR gating that is not addressed in
Fig. 2 is the phosphorylation dependence of channel activity.
The main physiologic stimulus of CFTR activity is phosphory-
lation of multiple sites within its large cytosolic R domain by
PKA (23–25). How CFTR channel activity is optimized by

3 Although the terms “channel openings” and “open channel bursts” are
often used interchangeably, the latter term is correct. ATP binding pro-
motes a burst of channel openings that are punctuated by short closings
(e.g. see Ref. 22). Hydrolysis and subsequent product release terminate
these bursts (Fig. 2).

FIGURE 1. Transport mechanism of an ABC exporter. Upper, schematic view. Lower, crystal structures of the bacterial exporter MsbA in the nucleotide-free
state (left; Protein Data Bank code 3B5W) and the AMP-PNP-bound state (right; code 3B60). Structures were downloaded from www.ncbi.nlm.nih.gov/structure
(see also Ref. 7).

FIGURE 2. Scheme illustrating well accepted features of CFTR gating.
Upper, the model assumes ATP turnover at site 2 only and highly phosphory-
lated channels. Middle, corresponding gating scheme. Lower, ATP binding
promotes open channel bursts that are terminated by hydrolysis and product
release. The essential role of magnesium ions as cofactors for ATP binding and
hydrolysis is omitted for simplicity. Note that ATP binding promotes a burst of
channel openings that are punctuated by short closings (see text and Foot-
note 3).
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phosphorylation of the R domain, which is located between
NBD1 and TMD2, is still unclear. NBD1-NBD2 dimerization,
as monitored by cysteine cross-linking, is enhanced by PKA
phosphorylation (11, 26). Conceivably, the unphosphorylated R
domain limits channel activity by precluding the NBD dimer,
but this cannot be the only mechanism (discussed below).

Ligand-gated Channels and Allosteric Activation
Mechanisms

Other ligand-gated channels do not consume their ligands to
promote channel closing. Unbinding occurs sufficiently fast to
permit reversible gating under equilibriumconditions. The gat-
ing of a typical ligand-gated channel (e.g. a nicotinic acetylcho-
line receptor (27, 28)) obeys allosteric principles that date back
40–50 years to the prescient writings of J.-P. Changeux, S. J.
Edelstein, and colleagues (e.g. the classic MWC model) (29–
31). The relevant concepts were originally developed for multi-
meric proteins, but it is now clear that monomeric proteins
exhibit similar allosteric properties (32, 33). The first principle
of an allosteric activation scheme for a typical ligand-gated
channel is the concept that the open pore conformation is
accessible in the absence of the ligand although usuallywith low
single channel open probability (Po) (27–31, 34). Ligand bind-
ing shifts the equilibrium between closed and open states to
favor the latter. This shift in equilibrium occurs in part because
ligand binding stabilizes the open state, a process termed con-
formational selection (34, 35). Fig. 3 illustrates this type of acti-
vation scheme for a hypothetical channel with one agonist (A)-
binding site. The closed-to-open transitions of this channel are
described as isomerizations with equilibrium constants L
(number of closed channels (C)/number of open channels (O);
terminology from Ref. 31). Closed-to-open isomerizations can
occur in the absence of agonist (termed unliganded openings)
(27) but with lower Po values for the unliganded channel than
for the agonist-bound channel (L � LA).
Such cyclic allosteric schemes, in which all open states are

connected to corresponding closed states through isomeriza-

tion reactions, have provided good approximations of the
behaviors of numerous proteins and ligand-gated channels
(27–38). Of course, this macroscopic view is oversimplified in
that the liganded and unliganded active conformers (or open
channels) cannot be structurally identical. Ligand bindingmust
have some effect on protein structure, but in those few cases
where detailed structural information is available, the primary
effect is local or small-scale, i.e. in the vicinity of the binding site
(39). Conversely, the conformational changes that underlie
protein activation are sufficiently large-scale to be possible even
without ligand binding. More nuanced views of agonist activa-
tion that combine an initial conformational selection step fol-
lowed by secondary structural changes that are induced by
ligand binding (a secondary “induced fit” step) have appeared in
the recent literature motivated largely by the results of detailed
NMR structural studies (e.g. of the PBX1 homeodomain DNA-
binding protein) (35, 40). For a ligand-gated channel, this more
nuanced view would predict that the open state conformations
in the presence and absence of agonist binding are similar but
not identical. To what extent such structural differences influ-
ence the properties of the pore (conductance, selectivity,
blocker sensitivity) is largely unexplored andmay vary between
channel types.
The important aspect of the type of ligand activation mech-

anism illustrated in Fig. 3 is that it predicts features of channel
regulation that are not obvious for sequential, strict coupling
mechanisms (see Refs. 31, 32, 34, and 41 for comparisons of
cyclic and sequential activation schemes). The first point is that
a cyclic allosteric scheme that permits unliganded gating pre-
dicts that the open state of a ligand-gated channel must have a
higher agonist affinity than the closed state (27, 32, 38). The
disparate affinities of the open and closed state conformations
in this reversible system are easily derived mathematically (Fig.
3) (32, 41). The consequences of these disparate affinities are
significant. Notably, any factor that promotes ligand-free
isomerization (decreases L) and thereby biases the equilibrium

FIGURE 3. Simplest allosteric activation scheme for a conventional ligand-gated channel. This hypothetical channel binds one agonist molecule (A). L
represents isomerization equilibrium constants (L � C/O, and LA � CA/OA). K represents equilibrium constants for agonist binding to the closed and open states
(e.g. O/OA � KO

A/[A]). For this reversible system, the equilibrium constants for agonist binding (K) to the open and closed states must vary in proportion to the
asymmetry in isomerization equilibrium constants (where L � LA).
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toward the open state concomitantly increases agonist sensitiv-
ity. This is the classic reciprocity principle that holds for all
cyclic allosteric activation schemes (27–32, 37, 38). The func-
tional consequence of this reciprocity is a high degree of syn-
ergy between regulatory inputs, i.e. varying one input (e.g. phos-
phorylation) affects the sensitivity to all other inputs (e.g.
agonist sensitivity) (see Ref. 37 and below for examples perti-
nent to CFTR). Another feature of such an activation scheme is
the possibility of mutations that increase Po in the absence of
ligand (termed constitutive mutations in Ref. 31). A number of
such mutations have been produced for the well studied neu-
rotransmitter-gated channels (e.g. the acetylcholine (27) and
GABAA (38) receptors). These constitutive mutations often
localize to the interfaces between channel subunits and/or to
the symmetry axis that links the ligand-binding site to the chan-
nel gate (27, 31, 32, 38) apparently becausemutations heremost
strongly impact the free energy difference (�G) between the
unliganded open and closed states. By definition, constitutive
mutations decrease the isomerization constant L; thus, they
also should increase agonist sensitivity in accord with the reci-
procity principle above (42). This prediction has been con-
firmed for a number of constitutivemutations in typical ligand-
gated channels (27, 38).

CFTR Gating and Allosterism

Does CFTR gating by ATP exhibit allosteric properties that
are shared with other ligand-gated channels? Aleksandrov,
Riordan, and co-workers (43–46) argued for an allosteric
mechanismbased in part on a thermodynamic analysis ofCFTR
gating in synthetic lipid bilayers. Their conclusion that CFTR
gating is a thermodynamically reversible process and their use
of analytic approaches that depend on this assumption have
been challenged (47, 48).However, the notion thatCFTRgating
shares allosteric features with typical ligand-gated channels is
supported by three lines of evidence: (i) ATP-free CFTR open-
ings occur (17, 49–51); (ii) constitutivemutations that enhance
unligandedCFTR channel activity have been produced (17, 51);
and (iii) some of these mutations have pleiotropic effects on
CFTR channel regulation by ATP and by PKA, as predicted by
the reciprocity principle above (27–32, 51).
Regarding the first line of evidence, several groups reported

wild-type CFTR openings in excised patches in an ATP-free
bath that also included an ATP-scavenging enzyme to elimi-
nate contaminating ATP (with estimated Po values in the
absence of ATP ranging from 0.0003 (51) to �0.004 (49)).
Hwang and co-workers (50) also noted that channel openings
could be detected for a CF mutant form of CFTR that is com-
pletely unresponsive to ATP (G551Dmutation in NBD1 signa-
ture sequence). Also, Riordan and co-workers (52) and our
group (51, 53) observed that CFTR channels that lack one of the
two NBDs that are essential for ATP-dependent gating open
spontaneously at low frequency in excised patches or lipid
bilayers. In all of these cases, the unitary currents and blocker
sensitivities of the observed unliganded CFTR openings were
similar if not identical to those that are characteristic of open-
ings in the presence of ATP. Thus, it seems likely that the same
(or similar) open state can be achieved with or without ATP
binding (or NBD dimerization).

Concerning the second line of evidence, mutations in the
cytosolic loops (51) and in NBD2 (17) that increase ATP-inde-
pendent channel activity have recently been reported. These
mutants behave like constitutive mutants in the nomenclature
of Changeux and Edelstein (31), although the ATP-indepen-
dent activities of the cytosolic loopmutants remain sensitive to
PKA phosphorylation of the R domain (see below) (51). The
constitutive mutations in cytosolic loops 1 and 3 that we
reported localize near the presumed symmetry axis of the chan-
nelwhenmapped onto the available crystal structures of related
ABC transporters (see Fig. 1 for presumed location of residue
978 in CFTR loop 3, a hot spot for constitutivemutations, when
mapped onto the MsbA structure). This location is consistent
with the prediction of Changeux and Edelstein (31, 32) for con-
stitutive mutations in allosteric proteins and with the locations
of like mutations in ligand-gated channels such as the acetyl-
choline andGABAA receptors (27, 38). The conclusion that the
cytosolic loop mutations enhance unliganded CFTR Po is fur-
ther supported by their abilities to enhance the otherwise low
activities of CFTR-G551D and CFTR�1198 (NBD2 deletion
construct) channels when introduced into these ATP-insensi-
tive constructs (51). Some of the constitutive loop mutations
had large effects on the energetics of unliganded gating (3–5-
fold decrease in �G between ATP-free open and closed states),
which implies that the conformation of the cytosolic loops sub-
stantially retards spontaneous channel openings. In previous
work (51), we modeled the loops as a compression spring that
resists unliganded channel opening. ATP binding and NBD
dimerization would compress this normally stiff spring to
increase Po (see also Ref. 47). Certain loop mutations are imag-
ined to reduce the stiffness of this spring (e.g. by disrupting
loop-loop interactions) and thereby increase Po in the absence
of ATP. This heuristic model may be applicable to the confor-
mational switching of ABC transporters in general given that
large rearrangements of the cytosolic loops occur during the
switch from the inward-facing to outward-facing conforma-
tions of bacterial ABC transporters (7, 54).
Importantly, the constitutive loop mutations strongly in-

creased both the ATP and PKA sensitivities of CFTR gating in
addition to enhancing unliganded Po (decreasing L) (51). Such
“multiple phenotypes” of the constitutivemutants are expected
for an activation scheme in which channel gating, ligand bind-
ing, and other regulatory inputs (i.e. phosphorylation) are
reciprocally coupled (37, 38, 42). Of course, the reciprocity
between CFTR channel gating and ATP binding is more com-
plicated than that for a typical ligand-gated channel given that
most open channel bursts terminate following ATP hydrolysis
and product release rather than ligand unbinding. Still, as we
argue below, reciprocity between CFTR gating and nucleotide
occupancy can be expected for an activation mechanism that
permits unliganded gating.

Expanded CFTR Gating Schemes That Incorporate
Allosteric Principles Common to Ligand-gated Channels

The aforementioned findings indicate that CFTR channel
gating shares allosteric properties commonly ascribed to con-
ventional ligand-gated channels, notably (i) unliganded open-
ings, (ii) constitutivemutations that promote unliganded activ-
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ity, and (iii) pleiotropic effects of these mutations on CFTR
regulation by ATP and PKA. On the other hand, CFTR is a
special case in that it binds its agonist so tightly that ATP
hydrolysis normally is required to inactivate the channel on a
physiologically relevant (subsecond) time scale (as argued by
Csanády, Gadsby, and co-workers (16, 47, 48). Given this rela-
tionship between channel activity and ATP hydrolysis, wild-
typeCFTRgating is a slowprocess overall, with kinetics that are
orders of magnitude less than for typical ligand-gated channels
(see Ref. 55). The length of the gating cycle (open to closed to
open) is determined at least in part by the hydrolytic rate at site
2, but post-hydrolytic steps such as ATP/ADP exchange may
also slow the opening rate and limit CFTR channel activity at
maximal ATP concentrations. (In this regard, wild-type Po is
0.3–0.5 at maximal ATP and PKA activities (24).)
How do we reconcile these recently described features of

CFTR gating with its hydrolytic activity? Fig. 4A shows a gating
scheme for which the allosterism of a ligand-gated channel is
merged with the enzymatic activity of CFTR. We propose a
cyclic scheme in which all open states are connected to corre-
sponding closed states because such schemes describe well the
gating of typical ligand-gated channels (28, 37, 38), and they
predict reciprocal effects of constitutive mutations on ligand
sensitivity (as observed for certain cytosolic loop mutations in
CFTR) (51). Each vertical closed-to-open transition is quanti-

fied by an isomerization equilibrium constant (L for unliganded
openings). Fig. 4A assumes that the channels are highly phos-
phorylated (see below for consideration of phosphorylation as a
regulatory input). Fig. 4A also includes irreversible transitions
that correspond to ATP hydrolysis in red; thus, this is a non-
equilibrium gating scheme unlike those for conventional
ligand-gated channels.4
Fig. 4A predicts asymmetries in the nucleotide occupancies

of the closed and open channels, as for other cyclic allosteric
activation mechanisms (see supplement data). In particular,
Fig. 4A predicts that the open channel should have a higher
affinity both for ATP and for the hydrolysis products, ADP and
Pi. This could explain the higher ATP sensitivities and the
slower deactivation rates upon ATP removal observed for con-
stitutive loop mutants (i.e. mutants that bias the equilibrium
toward the open channel) (51). Given that the macroscopic
deactivation rate of wild-type CFTR following ATP removal is
determined by the rate ofATPhydrolysis and subsequent prod-
uct release from site 2 (13, 14, 16, 21), the slower deactivation of
these constitutive mutants (51) could be due to a slower release
of ADP and/or Pi after hydrolysis. Conceptually, this can be
explained by recognizing that pore opening and NBD1-NBD2
interactions are reciprocally coupled such that mutations that
affect one (gating) must also bias the equilibrium toward the
other (NBD dimerization).
Fig. 4B is a related scheme that includes PKA phosphoryla-

tion as a distinct regulatory input in parallel with ATP binding/
hydrolysis. Treating phosphorylation as a separate input is
based on two considerations: (i) phosphorylation is a reversible
process like ligand binding and unbinding/hydrolysis, reversi-
ble in this case by the competing actions of kinases and phos-
phatases (see also Ref. 33); and (ii) recent evidence indicates
that R domain phosphorylation regulates CFTR gating inde-
pendently of ATP binding and NBD dimerization (50, 51, 53).
The strongest evidence for the latter is the observation that
CFTR channels that lack NBD2 but possess one of the consti-
tutive loop mutations (e.g. CFTR-K978C/�1198) are strongly
stimulated by PKA phosphorylation of the R domain even

4 Regarding Fig. 4A, it is important to note that we do not consider the open
pore conformation at the TMDs (whatever that looks like structurally) to be
strictly demanded by a tight NBD1-NBD2 dimer, nor do we consider the
closed pore conformation to be demanded by the absence of the NBD1-
NBD2 dimer. In this view, the pore can open occasionally even if the NBDs
have not dimerized, and it can close even in the presence of a tight NBD
dimer. Support for the former are the ATP-free openings of wild-type CFTR
and channels lacking NBD2 (51–53). Evidence for the latter is the bursting
behavior of ATP-activated channels for which open channel bursts are
punctuated by short closings (22, 56, 57). Some of these intraburst closings
may be caused by voltage-dependent pore block by bulky anions or by a
charged component of the CFTR protein itself (56), but brief intraburst
closings are evident at all voltages especially in single channel records that
are not heavily filtered (e.g. see Fig. 3 in Ref. 57). We suggest that some
intraburst closings reflect open-to-closed isomerizations of the ATP-
bound channel (LATP transition in Fig. 4A), i.e. fast intraburst gating versus
the slow gating controlled by ATP binding and hydrolysis. These consider-
ations are consistent with (indeed expected for) an allosteric gating
scheme in which the links between ATP binding/NBD dimerization and
channel opening/closing are probabilistic. The logical extension of these
considerations is that occasionally a closed channel can hydrolyze ATP, i.e.
when the pore has closed in the presence of the NBD dimer that is neces-
sary for ATP hydrolysis, and occasionally, an open channel can bind ATP
when that channel first opened spontaneously prior to ATP binding.

FIGURE 4. Expanded CFTR gating schemes that incorporate allosteric
principles. A, simplest cyclic scheme that combines unliganded gating and
closed-open isomerizations with irreversible hydrolytic (hyd) steps (trigonal
prism scheme). Channels are assumed to be highly phosphorylated. ATP turn-
over is assumed to occur at one site only (site 2). Note that the schematic
representations of the closed and open NBD dimer structures are shown only
to indicate that these structures have a higher probability to be associated
with the open and closed channel conformations, respectively (see text and
Footnote 4). B, phosphorylation (phos) is introduced as a distinct regulatory
input (cubic scheme). ATP turnover again is assumed to occur at one site only.
Predicted asymmetries in isomerization equilibrium constants are indicated.
See text and supplement data for details.
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though their activity is otherwise independent of ATP binding
(or, obviously, of NBD1-NBD2 dimerization) (51). This finding
does not rule out other roles of the R domain in regulating
CFTR gating such as effects on NBD dimerization. Of course,
the reported enhancement of NBD dimerization by PKA (11,
26) may be a secondary consequence of a primary effect of
phosphorylation on channel opening that is mediated by R
domain interactions elsewhere within the polypeptide. As
noted above, reciprocity between pore opening and NBD1-
NBD2 interactions is expected for a cyclic allosteric gating
mechanism.

Implications for CFTR Gating

Earlier, we noted that cyclic allosteric activationmechanisms
have features that are not predicted by sequential, strict cou-
pling models. These features include the disparate ligand affin-
ities of the closed and open conformations and the consequent
reciprocity between gating, ligand occupancy, and other regu-
latory inputs. The “other regulatory inputs” can come in a vari-
ety of forms ranging from phosphorylation (as for CFTR) to
voltage (as for BK-type potassium channels gated by both cal-
cium and voltage) (37). The important functional consequence
of this reciprocity is strong synergy between regulatory inputs.
This synergy is illustrated by the common finding that varying
one regulatory input to an ion channel (e.g. calcium activity for
a BK channel) changes the sensitivity of that channel to all other
inputs (e.g. its voltage dependence). This probably explains the
pleiotropic effects of constitutive loop mutations on the sensi-
tivity of CFTR gating to ATP and PKA (51). It may also explain
an earlier report that PKA phosphorylation enhances the ATP
sensitivity of CFTR gating (58). Fig. 4B predicts that the con-
verse also should be true, i.e. factors or mutations that affect
ATP binding or NBD dimerization should also affect the phos-
phorylation state of the channel (i.e. by reciprocal coupling
between pore opening and R domain conformation). The latter
prediction has not been directly tested to our knowledge, but it
is interesting to note that Hwang and co-workers (59) reported
10 years ago that the most common CF mutation (�F508 in
NBD1)markedly decreases the PKA sensitivity of CFTR activa-
tion. It is now clear that the �F508 mutation substantially
reduces CFTR Po at maximally activating ATP and PKA con-
centrations probably by disrupting the structural link between
NBD1 and the cytosolic loops (i.e. disrupts gating) (60–62).
Thus, the low PKA sensitivity observed by Wang et al. (59)
could be due to reciprocal coupling between gating (channel
opening/closing) and R domain phosphorylation (i.e. the kinase
and phosphatase accessibilities of the PKA sites within this
domain). Of course, Fig. 4B is an oversimplification in that it
ignores the multiplicity of the phosphorylation sites within the
R domain. A more accurate scheme would include the phos-
phorylation of each site as a distinct regulatory input. All of
these inputs would be reciprocally coupled to each other and to
ATP binding and hydrolysis, leading to synergy at multiple lev-
els (including synergistic interactions between the different
phosphorylation sites).
Unfortunately, the reciprocity between regulatory inputs

that leads to this synergy also complicates the design and inter-
pretation of experiments. For example, if mutating a given res-

idue reduces the effects of a modulator (e.g. drug) on CFTR
activity, does that mean that this residue is near a binding site
for thatmodulator? Absolutely not, as has beenwell recognized
by pharmacologists formany years, mutating this residue could
indirectly affect modulator efficacy by “reciprocally” influenc-
ing other regulatory inputs (e.g. ATP binding/hydrolysis) or
ligand-free isomerization (L) (see also Ref. 41). Two other
examples were described above: the uncertainties in interpret-
ing the effects of PKA phosphorylation on NBD dimerization
(11, 26) and of the �F508 mutation on the PKA sensitivity of
activation (59). Deducingwhether these are primary or second-
ary effects is impossible without other data.
On a more positive note, the fact that unliganded CFTR gat-

ing can occur and be modulated by mutations (17, 51) or by
compounds (53) improves the prospect of CF therapies that
circumvent defects in ATP binding or NBD dimerization. The
rescue of CFTR-G551D function by constitutive mutations in
the cytosolic loops supports this concept (51). Someof the small
molecule activators of mutant CFTR channels such as G551D
that have been discovered recently (63, 64) may target the cyto-
solic loops or TMDs along the channel symmetry axis to pro-
mote unliganded activity. This area can be explored further as a
complement to other therapeutic approaches.
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The DENN domain is a common, evolutionarily ancient, and
conserved protein module, yet it has gone largely unstudied;
until recently, little was known regarding its functional roles.
New studies reveal that variousDENNdomains interact directly
with members of the Rab family of small GTPases and that
DENN domains function enzymatically as Rab-specific guanine
nucleotide exchange factors. Thus, DENN domain proteins
appear to be generalized regulators of Rab function. Study of
these proteins will provide new insights into Rab-mediated
membrane trafficking pathways.

Protein domains are modular cassettes with conserved folds
that are often found in otherwise unrelated proteins. From an
evolutionary point of view, modular domains are readily joined
in new combinations, creating novel connections and cellular
pathways (1). The DENN (differentially expressed in normal
and neoplastic cells) domain is a poorly characterized protein
module conserved throughout evolution, with DENN domain
proteins found in species as diverse as humans,Caenorhabditis
elegans, Arabidopsis thaliana, and Schizosaccharomyces
pombe. There are 18 genes encoding DENN domain-contain-
ing proteins in humans. For some, the DENN domain is the
only recognizable feature; for others, the DENN domain is
found alongside other modular domains. The observation that
several DENNdomain proteins interact with RabGTPases pro-
vided the first insight into the potential function of the domain
(2). Rabs, with �70 members in humans, are the largest family
of small GTPases. They cycle between an inactive GDP-bound
state and an active GTP-bound state. In the active state, they
recruit effectors that control multiple aspects of membrane
trafficking (3, 4). A breakthrough in our understanding of the
DENN domain came with the observation that the DENN
domain from the connecdenn family of proteins interacts
directly with Rab35 and functions as a guanine nucleotide
exchange factor (GEF)3 for this GTPase (5–7). GEFs activate
Rabs bymediating the exchange of GDP for GTP. As Rabs have
diversified throughout evolution (9 Rabs/Ypts in S. pombe, 30

in C. elegans, and �70 in humans, for example), so have DENN
domain proteins, with 1 in S. pombe,�5 inC. elegans, and 18 in
humans. Thus, DENN domains may have evolved as general-
izedGEFs for Rabs, and in fact, all subfamilies of DENNdomain
proteins appear to possess Rab-directedGEF activity (8).More-
over, because at least some DENN domains interact with one
Rab while mediating GEF activity toward a second, DENN
domains may be at an interface between different Rab path-
ways. Here, we will provide an overview of all DENN domain
proteins encoded in the human genome andwill describe excit-
ing new insights confirming that DENN domain-bearing pro-
teins are an important class of membrane traffickingmolecules
and key regulators of Rab GTPases.

Identification of the DENN Domain

Chow and Lee (9) originally cloned an open reading frame
that they namedDENNbased on its variablemRNA expression
levels in tissues and cell lines. The DENN protein was inde-
pendently identified as a binding partner of the cytoplasmic
death domain of the TNF receptor (10). Here, the protein was
named MADD (MAPK-activating protein containing a death
domain) (10).
Databases such as Pfam and PROSITE were established in

part to identify and annotate proteinmodules. These initiatives
recognized that a portion of the N-terminal region of DENN/
MADD was similar to regions in several otherwise unrelated
proteins, resulting in the concept of a DENNdomain. One such
protein was Rab6IP1 (Rab6-interacting protein 1), identified in
a two-hybrid screenwith Rab6 (11). A subsequent bioinformat-
ics analysis comparing Rab6IP1 and DENN/MADD with other
potential DENN domain proteins led to the seminal observa-
tion that the domain is in fact tripartite, consisting of a central
DENNmodule flanked by upstream (uDENN) anddownstream
(dDENN) modules (Fig. 1) (2). The modules are always found
together but are separated by linkers of various lengths (Fig. 2).
DENN domains are related to a series of conserved regions
found inmembers of theAvl9 andAvl9-related protein families
(12). Eachmember of these families is composed of five regions,
called Avl9 homology (AH) 1–5, which are found in consecu-
tive order. Alignment of the combined AH1–AH5 regions (AH
domain) with DENN domains revealed weak but significant
similarity (12). Interestingly, within theAHdomain, in addition
to homology to DENN domains, there is weak homology to
TBC (Tre-2/Bub2/Cdc16) and RhoGEF domains, which are
found in other regulators of GTPases (12). Thus, like DENN
domains, AH domains may function in the regulation of
GTPases.

DENN Domain Protein Families in Humans

Based on homology and domain organization, the 18
DENND (DENN domain) proteins in the human genome are
grouped into eight families (Fig. 1 and Table 1). These are
1) DENND1A–1C, 2) DENND2A–2D, 3) DENND3, 4)
DENND4A–4C, 5) DENND5A/5B, 6) DENND6A/6B, 7)
MTMR5/13, and 8) DENN/MADD. In all cases, the DENN

* This minireview will be reprinted in the 2011 Minireview Compendium,
which will be available in January, 2012.
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domain is located toward the N terminus, except for the
DENND2 family, where it is located toward the C terminus.
Outside the DENN domain, the protein families have no
homology with other families (Fig. 1). The DENN domain fam-
ilies will be discussed in turn.
DENND1A–1C (Connecdenns 1–3)—One of the best charac-

terized DENND families is DENND1A–1C, also known as con-
necdenns 1–3. The first family member, connecdenn 1, was
detected in a proteomic analysis of clathrin-coated vesicles (13).
In addition to the DENN domain, the protein contains consen-
sus-binding motifs for clathrin, the clathrin adaptor AP-2, and
Src homology 3 (SH3) domains (Fig. 1) (14). Connecdenn 1
binds directly to clathrin, AP-2, and the endocytic SH3domain-
bearing proteins endophilin and intersectin (5, 6, 14).
The first link between the connecdenns and Rab35 was

demonstrated in an elegant mutagenesis screen in C. elegans
aimed at identifying proteins involved in receptor-mediated
endocytosis of yolk proteins. Two of the proteins identified
were RME-4 (receptor-mediated endocytosis 4) and RME-5
(7). RME-4 is the C. elegans ortholog of the connecdenns, and
RME-5 is Rab35 (7). Mutations in either protein disrupt endo-
somal recycling of the yolk receptor, leading to an indirect
defect in yolk protein endocytosis. RME-4 binds Rab35 and
directs it to clathrin-coated vesicles for transport to early endo-
somes. From there, Rab35 functions in a recycling route that
traffics the yolk receptor back to the plasma membrane (7).
GEFs interact with the GDP-bound form of their substrate

GTPases and catalyze the removal of GDP. This allows GTP,
present at much higher levels in cells than GDP, to diffuse onto
the GTPase. The GEF has low affinity for GTP-bound GTPase

and dissociates. Thus, the observation that RME-4/con-
necdenn binds specifically toGDP-boundRab35 suggested that
it may function as a Rab35 GEF (7). This was investigated in
mammalian systems, where it was discovered that all three con-
necdenns, via their DENN domains, serve as Rab35 GEFs (5, 6).
These experiments were performedwith highly purifiedDENN
domains and Rab35. The best known Rab GEF module is the
Vps9 domain (15). In direct comparison with the active GEF
region from the well established Rab5 GEF Rabex-5 (residues
1–399), which contains a Vps9 domain, the connecdenn 1
DENN domain is dramatically more robust (5). Within 90 s at
room temperature, �90% of the GDP on 19 pmol of preloaded
Rab35 is exchanged for GTP by 1.5 pmol of connecdenn 1
DENNdomain (5). In contrast, even after 3min under identical
conditions, Rabex-5 exchanges 5-fold less GDP preloaded on
Rab5 (5). Interestingly, each of the connecdennDENNdomains
has a distinct rate of GEF activity, with connecdenn 1 being the
fastest and connecdenn 3 the slowest (6). However, even con-
necdenn 3 is more robust for Rab35 than is Rabex-5 for Rab5.
Thus, unlike for Rabex-5, where the protein Rabaptin-5 is
needed for maximum enzymatic activity (16), a cofactor is not
strictly required for the connecdenn DENN domains.
A subsequent study confirmed the activity of connecdenns 1

and 2 toward Rab35 but failed to detect the GEF activity of
connecdenn 3 toward Rab35, instead indicating activity toward
Rab13 (8). This is surprising in that for every other DENND
family, eachmember of the family showsGEF activity towards a
common Rab (Table 1). Perhaps the GEF assays employed in
this study (8), which utilized immunoprecipitated full-length
proteins, lacked sufficient sensitivity to detect the activity of

FIGURE 1. Domain models of the 18 DENN domain-bearing proteins encoded in the human genome. The gene name is listed on the left, with the protein
name in parentheses when appropriate. u, uDENN module; d, dDENN module; CB, clathrin-binding motif; PRD, proline-rich domain; AP-2IM, AP-2 interaction
motif; MABP, MVB12-associated �-prism; PPR, pentatricopeptide repeat; CalB, calmodulin-binding domain; NLS, nuclear localization sequence; poly-E, poly-
glutamic acid domain; ISRE, interferon-stimulated response element; poly-Q, polyglutamine domain; SRD, serine-rich domain; poly-D, polyaspartic acid domain;
PLAT, polycystin-1/lipoxygenase/�-toxin domain; GRAM, glucosyltransferase/Rab-like GTPase activator/myotubularin domain; pseudo-phosph, pseudo-phos-
phatase domain; DD, death domain.
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connecdenn 3 on Rab35. Also, given the broad scope of the
study, in which the authors tested multiple DENN proteins
against large panels of Rabs, kinetic studies were not per-
formed, and instead, GEF activity was measured only as a func-
tion of GDP release or GTP binding after 20 min (8). It will be
important to perform detailed kinetic analysis of each DENN
domain family using purified DENN domains.
In addition to its role as a Rab35 GEF, the DENN domain of

connecdenn 1 binds a broad spectrum of lipids with a slight
preference for phosphatidylinositol 3-phosphate (PI(3)P) (5).
The DENN domains of connecdenns 2 and 3 share this lipid-
binding profile.4 However, the functional relevance of this
property and the relationship to the GEF activity remain
uncertain.
It is interesting that each member of each DENND family

targets a common Rab (Table 1) (5, 6, 8). Perhaps different
proteins within a family activate the Rab toward different cel-
lular activities. For example, Rab35 has been found on the
plasmamembrane, clathrin-coated pits and vesicles, and endo-
somes, and it controls a cargo-specific fast recycling route from
early endosomes (5, 7, 17–25). In addition, Rab35 co-localizes

with actin at the leading edge of the cell and on stress fibers and
has been implicated in regulation of actin-based cellular events
(19–21, 26). Different connecdenns may therefore activate
Rab35 at different cellular locations to control the diverse func-
tions of this Rab.
Recently, a genome-wide association study linked DENND1B/

connecdenn2 to childhood asthma (Table 1) (27).However, this
study must be interpreted with caution given that DENND1B/
connecdenn 2 has not been linked to pro-inflammatory signal-
ing (28) as implied by Sleiman et al. (27) and that two other
studies have failed to replicate this linkage (29, 30). A more
recent genome-wide association study suggests a link of
DENND1B to Crohn disease (31).
DENND2A–2D—The DENND2 family is the only example

wherein the DENN domain is found in the C-terminal region
(Fig. 1). Each DENND2 protein acts as a GEF toward Rab9a/b,
and as DENND2D is composed of a DENN domain alone, for
this protein, GEF activity is via the DENN domain (8). Rab9
functions in retrograde trafficking of the mannose phosphate
receptor from late endosomes to the trans-Golgi network (32),
and consistently, depletion of DENND2A disrupts this traffick-
ing process (8). However, depletion of other DENND2 family
members did not influence mannose phosphate receptor traf-4 A. L. Marat and P. S. McPherson, unpublished data.

FIGURE 2. Amino acid sequence alignment of the 18 human DENN domain proteins. The amino acid sequences of the DENN domains correspond to the
sequences of the UniProt long isoforms listed in Table 1. Alignment was performed with ClustalW and manually modified using Jalview. Shaded boxes represent
conserved residues, with darker shadings based on increasing percent identity. The dashed border for the N terminus of the DENN module is used to highlight
the varying lengths of the linker regions between the uDENN and DENN modules, where some DENN modules begin at the start of the dashed line and others
begin at the start of the solid line. Secondary structure predictions are also indicated along the gray dashed line below the alignment. �-Strands and �-helices
are represented as black arrows and red rectangles, respectively.
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ficking (8), so perhaps these DENND2 proteins activate Rab9
toward other cellular activities such as biogenesis of lysosome-
related organelles (33).
The best studied DENND2 family member is DENND2B,

originally named ST5 (suppressor of tumorigenicity 5) (Table
1) (34). ST5 exists in three splice variants that all contain the
C-terminal DENN domain (35). Interestingly, expression levels
of the shortest isoform, p70, correlate positively with reduced
tumorigenicity, and overexpression of p70 restores contact-
regulated cell growth to tumor cells (36). Loss of theC terminus
of p70 converts it from an inhibitor to an activator of trans-
forming activity, demonstrating the importance of an intact
DENN domain for tumor suppressor function (37). Disruption
of ST5 is also associated with mental retardation, seizures, and

congenital anomalies (38). The link of any of these activities of
ST5 to its activation of Rab9 remains unclear.
DENND3—Full-length DENND3 (Fig. 1) has GEF activity

toward Rab12 (8). Although it is likely that this activity is via the
DENN domain, this has not been tested directly (8). This is an
important consideration in that the GEF activity could be
located outside the DENN domain, as is the case for the GEF
activity of DENN/MADD toward Rab3 (39, 40). Rab12 localizes
to small vesicles that accumulate on or near the Golgi, and the
protein has been suggested to function in retrograde trafficking
from the periphery to the perinuclear region (41, 42). The func-
tion of DENND3 has yet to be studied.
DENND4A–4C—The only studied member of the DENND4

family is DENND4A, originally named IrlB (43). IrlB contains a

FIGURE 2—continued
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TABLE 1
Human DENN domain proteins
All information regarding apparent molecular mass, tissue distribution, binding partners, and related pathologies has been determined experimentally. The predicted
molecular weight is of the longest potential isoform of the protein. Some DENN domain proteins have defined or predicted splice variants accounting for the range in their
apparent molecular masses. ND, not determined.
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nuclear localization signal and binds the interferon-stimulated
response element in the promoter of humanMyc (43, 44).How-
ever, the functional role of DENND4A and other DENND4
family members in mammals is unknown, and it is unclear if
they localize to the nucleus. In contrast, the Drosophila
DENND4 ortholog Crag (calmodulin-binding protein related
to a Rab3 GDP-GTP exchange protein) clearly regulates the
polarized secretion of basement membrane components (45).
Normally, these proteins are found on the basal side of the
epithelium only, but in Crag mutants, they accumulate on both
sides of the epithelium, resulting in a loss of epithelial integrity
(45). Consistent with this function, DENND4A–4C proteins
have GEF activity toward Rab10, a Rab involved in the regula-
tion of basolateral trafficking in polarized cells as well as Glut4
recycling in adipocytes (8, 46–49). These data appear inconsis-
tent with any role for DENND4 proteins in the nucleus.
DENND5A/5B (Rab6IP1/Rab6IP1-like Protein)—Rab6IP1

was identified as a Rab6-binding partner (11), and Rab6IP1-like
protein is known only as its homolog. In addition to the DENN
domain, both proteins contain two RUN (RPIP8/UNC-14/
NESCA) domains (Fig. 1) (2, 11). RUN domains are found in
numerous proteins associated with Rab GTPases, and Rab6IP1
binds Rab6 in a nucleotide-independent manner through the
first RUN domain (Fig. 3) (50, 51).
Following from observations that Rab6 and Rab11 regulate

sequential steps in retrograde transport from endosomes to the
Golgi,Miserey-Lenkei et al. (50) set out to identify proteins that
coordinate the function of these two GTPases and demon-
strated that Rab6IP1 binds to GTP-bound Rab11 (Fig. 3).
Rab6IP1 exists as two splice variants, A and B, due to a 24-
amino acid insertwithin the uDENNmodule of isoformB.Only
the A variant binds Rab11, suggesting that the uDENNmodule
mediates the interaction (50). Rab6IP1 is targeted to the Golgi
in a Rab6-dependent manner and also associates with Rab11 at

recycling endosomes (50). Thus, Rab6IP1 provides a molecular
link between Rab6 and Rab11 (Fig. 3), although the functional
role of this process remains uncertain.
Both Rab6IP1 and Rab6IP1-like protein have GEF activity

toward Rab39 (8), a poorly characterized Rabwith two isoforms
(52, 53). Rab39a regulates interleukin secretion (54). Rab39b is
involved in trafficking of Golgi-derived vesicles required for
normal growth cone function and synapse formation during
neuronal development (55). Loss-of-function mutations in
Rab39b result in X-linked mental retardation (55). Additional
studies will be needed to determine the relationship between
Rab39, Rab6, and Rab11.
DENND6A/B—The DENND6 family, including DENND6A

and DENND6B, is composed of DENN domains exclusively
(Fig. 1). This family remains completely uncharacterized.
MTMR5/13—Myotubular myopathy is a severe congenital

skeletal muscle disease resulting from mutations in the lipid
phosphatase myotubularin 1. Following the characterization of
this protein, Blondeau et al. (56, 57) identified a large family of
MTMR (myotubularin 1-related) proteins, including the
DENN domain-bearing MTMR5 and MTMR13. Although
MTMR5 and MTMR13 are homologous to other MTMR pro-
teins, they are pseudo-phosphatases; however, they interact
with MTMR2, an active lipid phosphatase (58–60). These
interactions enhance the activity ofMTMR2 toward its targets,
PI(3)P and phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2)
(58–60). PI(3)P and PI(3,5)P2 are found on endosomes, and
thus, the MTMR2-MTMR5 and MTMR2-MTMR13 com-
plexes are thought to regulate endosomal function (58, 60).
MTMR5 andMTMR13 have GEF activity toward Rab28 (8).

Rab28 is a poorly characterized and distant member of the Rab
superfamily (8, 61). The association of MTMR5 and MTMR13
with endosomal function (62) now suggests that Rab28 could be
involved in endosomal trafficking. In fact, Rab28 co-localizes

FIGURE 3. Coordination between endosome-derived carriers (Rab11) and Golgi acceptor compartments (Rab6 and Rab39) via Rab6IP1. Rab6IP1 binds
GTP-bound Rab11, likely through its uDENN module (u), and binds Rab6 through its first RUN domain while functioning as a GEF toward Rab39. Rab6IP1 is
targeted to the Golgi by Rab6 and to recycling endosomes by Rab11, providing a molecular link between Rab6, Rab11, and Rab39. d, dDENN domain; poly-D,
polyaspartic acid domain; PLAT, polycystin-1/lipoxygenase/�-toxin domain.
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with the ESCRT complex in the endosomal pathway, where it
plays a role in late endocytic traffic (63).
Inactivating mutations in MTMR2 result in Charcot-Marie-

Tooth type 4B1 neuropathy (64), and loss of the dDENN
domain of MTMR13 also results in a form of Charcot-Marie-
Tooth, type 4B2 (65). Although themechanisms bywhich alter-
ations in endosomal trafficking lead to Charcot-Marie-Tooth
disease remain undefined, these results provide a direct link
between a DENN domain mutation and human disease.
DENN/MADD/Rab3GEP—DENN/MADD was independ-

ently purified from brain extracts as a GEF for Rab3 and named
Rab3GEP (Rab3 guanine nucleotide exchange protein) (40).
In fact, DENN/MADD/Rab3GEP was the first protein con-
taining a DENN domain shown to have GEF activity (40).
However, the GEF activity maps to a region outside the
DENN domain (39).
Rab3 is present on synaptic vesicles, andRab3GEPknock-out

mice have decreased numbers of synaptic vesicles and severely
impaired neurotransmitter release (66). This could result from
the inability of Rab3 to become activated in nerve terminals of
these mice, which may disrupt synaptic vesicle docking. As an
alternative mechanism, DENN/MADD/Rab3GEP was recently
found to bind via its DENN domain to GTP-bound Rab3, a
typical characteristic of a Rab effector (67). Through the death
domain of the protein, located in the C-terminal region (Fig. 1),
DENN/MADD binds KIF1B� and KIF1A, anterograde-di-
rected microtubule motors (67). Therefore, DENN/MADD/
Rab3GEP may function as an adaptor for motor-dependent
transport of Rab3-positive vesicles to the presynaptic nerve ter-
minal. Consistently, knockdown of the protein leads to
decreased Rab3 in distal axons, which is rescued with full-
length protein but not with a mutant lacking the death domain
(67). Thus, Rab3 acts as a switch to regulate trafficking of Rab3-
positive vesicles to nerve terminals. It will be important to
resolve whether DENN/MADD/Rab3GEP is predominantly a
Rab3 effector, a Rab3 GEF, or both.
DENN/MADDalso hasGEF activity toward Rab27a/b (8), an

exocytic Rab closely related to Rab3 (68–70). This activity has
not yet been mapped to any particular region of the DENN/
MADD protein. Consistent with this dual GEF activity,
Rab3a and Rab27b display overlapping roles in synaptic ves-
icle exocytosis (71). Moreover, the C. elegans ortholog of
DENN/MADD, AEX-3, has GEF activity toward C. elegans
Rab3 and Rab27 (72). AEX-3 is important for proper local-
ization of Rab3 in nerve terminals to regulate synaptic vesicle
release (73). Together, these data indicate that DENN/
MADD/Rab3GEP is an important regulator of GTPase func-
tion. In addition, there is extensive literature on the role of
DENN/MADD and its splice variant IG20 in TNF receptor
signaling. The death domain of DENN/MADD binds to the
death domain of the TNF receptor, inhibiting TNF signaling
(10, 74). Knockdown of DENN/MADD makes cells overly
susceptible to TNF�-induced apoptosis (75). It will be nec-
essary to determine whether the membrane trafficking and
signaling activities of DENN/MADD/Rab3GEP represent
related or entirely distinct activities.

DENN Domains and DENN Domain Proteins as
Integrators of Rab Pathways

An emerging concept in the field of GTPases is that of GEF
cascades, whereby an upstream GTPase or its effectors or acti-
vators recruit a GEF, which activates a downstream GTPase.
This process can couple distinct Rab pathways and provide
directionality in trafficking. An example of a GEF cascade
occurs during thematuration of Rab5-positive early endosomes
into Rab7-positive late endosomes (76). Recruitment of Rab5 to
endosomes by its GEF, Rabex-5, leads to the recruitment of
Rab5 effectors such as PI3K that generates PI(3)P, characteris-
tic of early endosome membranes. Accumulating levels of
PI(3)P lead to the recruitment of SAND-1 (Mon1 in verte-
brates), which binds to both PI(3)P and Rabex-5 (77). SAND-1/
Mon1 plays multiple roles in endosome maturation. First, it
displaces Rabex-5 from early endosomes, disrupting the posi-
tive feedback loop of Rab5 activation (77). Second, it simulta-
neously recruits Rab7 to endosomes (77). Finally, Mon1 in a
complex with Ccz1 functions as a GEF for Rab7 (78). Activated
Rab7 recruits a range of effectors that lead tomaturation of late
endosomes (76). Another example of a GEF cascade occurs
betweenRab11 andRab8,wherebyGTP-boundRab11 interacts
with Rabin8, a Rab8 GEF (79). This may allow for the recruit-
ment of Rabin8 to recycling endosome-derived carriers that are
targeted for fusion at the plasma membrane, a process that
requires activated Rab8 (79). There are also countercurrent
GAP (GTPase-activating protein) cascades, whereby a down-
stream Rab recruits a GAP that inactivates the upstream Rab
(80).
It is intriguing to speculate that DENN domain proteins and

perhaps DENN domains themselves function in certain forms
of Rab integration such as GEF cascades. For example, Rab6IP1
binds to GTP-bound Rab11 on recycling endosomes, likely
through its uDENN domain, and through its RUN domain, it
binds Rab6 on the Golgi (Fig. 3) (11, 50, 51). Rab6IP1 also func-
tions as a GEF for Rab39 (8), which is found on vesicles in the
vicinity of the Golgi (Fig. 3). Thus, Rab6IP1 may function in a
GEF cascade that coordinates the transition between endo-
some-derived carriers (Rab11) and Golgi acceptor compart-
ments (Rab6 and Rab39) (Fig. 3). Another example is DENN/
MADD, which binds GTP-bound Rab3 via its uDENNmodule
(67) and functions as a GEF for Rab27. This would integrate
these two Rabs, which are known to have an overlapping role in
synaptic vesicle exocytosis (71).

Structure of the DENN Domain

There is currently no experimental structural information on
DENN domains, although secondary structure predictions
indicate all�, mixed�/�, and all� folds for the uDENN,DENN,
and dDENNmodules, respectively (Fig. 2). The DENNmodule
is the largest at �180 residues, whereas the uDENN and
dDENN modules are �70 residues. In the 18 DENN domain
proteins from humans, the spacing between uDENN and
DENN ranges from 0 to �70 amino acids, whereas DENN and
dDENN are between �30 and �130 amino acids apart (Fig. 2).
However, there is even greater variability in DENN domains
from other species. For example, in the S. pombe DENN
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domain protein, there are 184 and 240 residues between
uDENN/DENN and DENN/dDENN, respectively. Thus, the
DENN domain appears to be a complex tripartite domain
formed from three non-dissociable modules, each with a dis-
tinct fold. This hypothesis is supported by the observation that
most protein domains are between 50 and 150 amino acids in
length (1). The DENN modules have remained associated
throughout evolution due to functional or structural con-
straints or both. Such an organization is most reminiscent of
the FERM domain, which is composed of three modules that
have intermodule contacts (81). There is considerable diver-
gence in sequence among different FERM domains, which
translates into structural differences between the individual
modules aswell as their relative orientation toward one another
(82). This may also be the case with the DENN domain. This
type of “clustering” of independent modules/domains is also
observed with the Dbl homology (DH) domain, an extensively
studied GEF that is almost always found N-terminal of a pleck-
strin homology (PH) domain.
Given that DENN domains have multiple functions, includ-

ing interactions with PIs, binding to Rabs in the GTP-bound
and nucleotide-free/GDP-bound forms, and enzymatic GEF
activity, it is likely that these different activities can be assigned
to different modules. For example, the dDENN module has
some sequence similarity to DH domains, and hydrophobic
positions that participate inDHdomain folds are conserved (2).
Structure prediction programs weakly predict that the dDENN
module of connecdenn 1 possesses a structure most similar to
the DH domain of the Ras GEF Sos (son of sevenless). Alterna-
tively, the various activities may require the direct cooperation
of the modules. For example, in the Cdc42 GEF Dbs, the PH
domain interacts directly with the Cdc42 switch 2 region,
which is one of the regions that undergo a major conforma-
tional change upon GTP hydrolysis, indicating that both the
DH and PH domains are required for GEF activity (83).
The DENN domain of the connecdenns bind lipids (5). Lipid

binding to GEFs can be part of amechanism that sequesters the
enzyme to the membrane, thereby increasing the local concen-
tration, or it can be used as a mechanism to regulate GEF activ-
ity by eliciting conformational changes that enhance activity
(84). This type of modulation is seen with some DH-PH
domains, where PH-lipid interaction leads to allosteric regula-
tion of nucleotide exchange (83).
Although emphasizing the comparison of the dDENNmod-

ule with DH domains, DH domains are not known Rab GEFs.
The best knownRabGEF is the Vps9 domain, a 100-amino acid
catalytic core composed of a helical bundle (15). It is important
to note that several other RabGEF complexes have been solved,
and structural information has revealed that the catalytic cores
of these GEFs use different structural mechanisms to perform
nucleotide exchange (85). The DENN domains may in fact use
a completely novel mechanism of nucleotide exchange. This
underscores the biological importance of initiating structure-
function studies to resolve these issues.

Conclusion and Perspectives

It is now clear that DENN domain proteins regulate Rab
GTPases and represent a new class of membrane trafficking

proteins. Moreover, for at least a subset of DENN domains, the
domain itself interacts directly with Rabs and functions as a
GEF to activate this important class of small GTPases. We now
need to clarify that, for the many DENN domain proteins
shown to have GEF activity, the activity is indeed mediated by
the DENN domain. Another important issue pertains to how
the GEF activity is regulated. Are there intramolecular interac-
tions that control the GEF activity such as what is seen in the
regulation of the GEF activity of intersectin-l (86)? Other
potential modes of regulation could involve binding of PI or
other GTPases to the DENN domain itself or phosphorylation
of the module. Given the evidence that certain DENN domains
and DENN domain proteins function as a GEF for one Rab
while binding to another, it seems likely that DENN domain
proteins mediate GEF cascades. The study of DENN domain
proteins is thus highly likely to reveal new links between Rab
pathways and provide invaluable new information with regard
to vesicle trafficking. Fewer than half of the DENN domain
proteins have been examined in terms of their cell biological
properties, and this will be a priority moving forward. Finally,
we need to understand the structure of the DENN domain to
determine its mechanism of action and modes of regulation.
With such studies, our knowledge of this intriguing protein
domain and its regulation of membrane trafficking pathways
will increase greatly and provide better understanding of sev-
eral important human diseases.
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(2007) Traffic 8, 1385–1403

51. Recacha, R., Boulet, A., Jollivet, F., Monier, S., Houdusse, A., Goud, B., and
Khan, A. R. (2009) Structure 17, 21–30

52. Stankovic, T., Byrd, P. J., Cooper, P. R., McConville, C. M., Munroe, D. J.,
Riley, J. H.,Watts, G. D., Ambrose, H.,McGuire, G., Smith, A. D., Sutcliffe,
A., Mills, T., and Taylor, A. M. (1997) Genomics 40, 267–276

53. Cheng, H., Ma, Y., Ni, X., Jiang, M., Guo, L., Ying, K., Xie, Y., and Mao, Y.
(2002) Cytogenet. Genome Res. 97, 72–75

54. Becker, C. E., Creagh, E. M., and O’Neill, L. A. (2009) J. Biol. Chem. 284,
34531–34537

55. Giannandrea, M., Bianchi, V., Mignogna, M. L., Sirri, A., Carrabino, S.,
D’Elia, E., Vecellio, M., Russo, S., Cogliati, F., Larizza, L., Ropers, H. H.,
Tzschach, A., Kalscheuer, V., Oehl-Jaschkowitz, B., Skinner, C., Schwartz,
C. E., Gecz, J., Van Esch, H., Raynaud, M., Chelly, J., de Brouwer, A. P.,
Toniolo, D., and D’Adamo, P. (2010) Am. J. Hum. Genet. 86, 185–195

56. Blondeau, F., Laporte, J., Bodin, S., Superti-Furga, G., Payrastre, B., and
Mandel, J. L. (2000) Hum. Mol. Genet. 9, 2223–2229

57. Laporte, J., Blondeau, F., Buj-Bello, A., and Mandel, J. L. (2001) Trends
Genet. 17, 221–228

58. Robinson, F. L., and Dixon, J. E. (2005) J. Biol. Chem. 280, 31699–31707
59. Berger, P., Berger, I., Schaffitzel, C., Tersar, K., Volkmer, B., and Suter, U.

(2006) Hum. Mol. Genet. 15, 569–579
60. Kim, S. A., Vacratsis, P. O., Firestein, R., Cleary, M. L., and Dixon, J. E.

(2003) Proc. Natl. Acad. Sci. U.S.A. 100, 4492–4497
61. Lee, S. H., Baek, K., and Dominguez, R. (2008) FEBS Lett. 582, 4107–4111
62. Nicot, A. S., and Laporte, J. (2008) Traffic 9, 1240–1249
63. Lumb, J. H., and Field, M. C. (2010)Mol. Biol. Cell 21, (suppl.) Abstr. 1264
64. Bolino, A., Muglia, M., Conforti, F. L., LeGuern, E., Salih,M. A., Georgiou,

D. M., Christodoulou, K., Hausmanowa-Petrusewicz, I., Mandich, P.,
Schenone, A., Gambardella, A., Bono, F., Quattrone, A., Devoto, M., and
Monaco, A. P. (2000) Nat. Genet. 25, 17–19

65. Senderek, J., Bergmann, C.,Weber, S., Ketelsen, U. P., Schorle, H., Rudnik-
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In addition to the classical function of estrogen receptors (ER)
as transcription factors, evidence continues to accumulate that
they mediate non-nuclear processes in numerous cell types,
including the endothelium, in which they activate endothelial
NO synthase. Non-nuclear ER signaling entails unique post-
translational modifications and protein-protein interactions of
the receptor with adaptor molecules, kinases, and G proteins.
Recent in vitro and in vivo studies in mice using an estrogen-
dendrimer conjugate that is excluded from the nucleus indicate
that non-nuclear ER activation underlies the migration and
growth responses of endothelial cells to estrogen but not the
growth responses of endometrial or breast cancer cells to the
hormone. In this minireview, the features of ER� and protein-
protein interactions that enable it to invoke extranuclear signal-
ing in the endothelium and the consequences of that signaling
are discussed.

Although estrogen receptors (ER)2 function classically as
transcription factors, more recently, it has become apparent
that ER also have the novel capacity to activate non-nuclear
signaling in a variety of cell types (1–3). An understanding of
the basis for non-nuclear ER signaling has been derived from
the study of ER associated with plasmalemmal caveolae/lipid
rafts in endothelial cells (4), which is the focus of this minire-
view. After a brief discussion of the actions of estrogen on the
endothelium that highlights non-nuclear processes, we will
summarize the nature of non-nuclear ER function in the endo-
thelium. We will then discuss the signaling events that non-
nuclear ER mediate in the endothelium, the mechanisms by
which they are coupled to kinases and other signaling or adap-
tormolecules, and recent work interrogating these processes in
vivo. Finally, we will highlight the current questions in the field.

Endothelial Actions of Estrogen

Estrogen has potentially potent cardiovascular protective
actions, and these are primarily through direct effects on endo-

thelial and vascular smooth muscle (VSM) cells (5–7), which
express the two primary ER isoforms, ER� and ER� (4, 5). In
endothelial cells in culture, estrogen up-regulates the expres-
sion of endothelial NO synthase (eNOS) (4), cyclooxygenase-1
(8), MMP-2 (9), and ER� (10), and it blunts the expression of
endothelin (11) and the type 1 angiotensin II receptor (12).
Along with these actions that involve the classical functions of
ER as transcription factors, short-term effects of estrogen on
the vasculature were demonstrated in humans, and they pro-
vided the initial suggestion that there are non-nuclear actions
of the hormone and its receptors. In early studies, ethinyl estra-
diol acutely attenuated abnormal coronary vasoconstrictor
responses to acetylcholine (ACh) in postmenopausal women,
and it also increased basal coronary blood flow and decreased
coronary vascular resistance (13).Other studies of estradiol (E2)
administered to yield premenopausal serum levels showed no
change in basal coronary vasomotor tone, but there were
greater vasodilatory responses to ACh when ACh and E2 were
give simultaneously (14). In experiments in men using intrave-
nous conjugated estrogens and phytoestrogens, there was rapid
NO-dependent vasodilation 15min after treatment, suggesting
that estrogen promotes the bioavailability of NO and that these
effects may be comparable in men and women (15). In 1997, it
was reported by two laboratories that estrogen rapidly stimu-
lates eNOS enzymatic activity in an ER-dependent manner (16,
17). NO derived from eNOS has diverse potential beneficial
vascular actions, including the promotion of endothelial cell
growth and migration; the attenuation of VSM cell growth and
migration; and the antagonism of platelet activation, thrombus
formation, and leukocyte-endothelial cell adhesion (18). Using
genetically modified mice, numerous pioneering studies begun
in the late 1990s then revealed that the basis for estrogen-re-
lated protection from atherosclerosis and vascular injury lies in
direct actions of the hormone on ER expressed in vascular cells
and that, along with other processes, there is likely a primary
role for E2/ER influencing eNOS activity (4).

Nature of Non-nuclear ER in the Endothelium

Estrogen activates non-nuclear ER, resulting in rapid signal-
ing in cell types in culture as diverse as oocytes, osteoblasts,
osteoclasts, breast cancer cells, adipocytes, and endothelial cells
(1–3, 19, 20). The vast majority of studies in these various
model systems have indicated that the rapid actions of estrogen
originate at the cell surface and not in the nucleus. In the endo-
thelium, ER� was first implicated in non-nuclear signaling by
the findings that overexpression of the receptor enhanced the
acute activation of eNOS by E2 and that eNOS stimulation by
the endogenous receptor was inhibited by both ICI 182,780 and
tamoxifen and by transfectionwith an ER�mutant lacking cod-
ing sequence distal to amino acid 271, which excludes the hor-
mone-binding domain (21). Initial evidence of the potential
involvement of endothelial cell ER� in non-nuclear signaling
was obtained from studies inwhich the response to endogenous
ER activation was inhibited by the ER�-selective antagonist
RR-tetrahydrochrysene (22). The localization of ER functional
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coupling to eNOS in isolated plasma membranes provided
additional clarity of membrane receptor identity, with immu-
noidentification studies directed at multiple epitopes detecting
the same 67-kDa ER� protein and the same 54-kDa ER� pro-
tein in purified plasma membrane fractions and in the nucleus
(22, 23). The requirement for ER and eNOS colocalization on
the plasma membrane was further evident in reconstitution
studies in COS-7 cells in which plasma membranes from cells
expressing eNOS and ER� displayed rapid ER-mediated eNOS
stimulation (24). The majority of studies in the endothelium
have identified full-length ER� (67 kDa) as the predominant
ER� form associated with the plasma membrane involved in
non-nuclear signaling (21, 23, 25). However, an N terminus-
deleted splice variant, ER�46, has been found in certain human
endothelial cell lines, and it has been shown to colocalize with
caveolin-1 in caveolae and to effectively transduce membrane-
initiated responses to E2 (26, 27). Interestingly, the transcrip-
tional activity of ER�46 is greatly compromised compared with
that of full-length ER� (28).

The G protein-coupled receptor GPR30 has been proposed
to be a third form of ER, and it has been localized to the plasma
membrane in breast cancer cells and to the endoplasmic retic-
ulumwhen overexpressed in COS-7 cells (29, 30). As a result of
varying phenotypes in three mouse lines with diminished
GPR30 expression and other conflicting findings, it is contro-
versial whether GPR30 is a biologically relevant ER or a collab-
orator in non-nuclear functions of the classical ER in certain
contexts (31). The cell types expressing GPR30 have been eval-
uated in a mouse model with a lacZ reporter in the GPR30
locus. Regarding vascular expression, LacZ-positive vascular
cells were present in a number of arterial structures, but their
distribution was restricted to specific vascular beds, including
arterioles in the kidney and the vasa vasorum of the aorta, and
the final branches ofmesenteric arteries. The aorta and carotid,
intercostal, renal, and superior mesenteric arteries were nega-
tive for LacZ staining. In the CNS vasculature, the LacZ-posi-
tive cells were VSM cells and pericytes, and staining was absent
in the endothelium, whereas in the kidney, LacZ staining colo-
calized with the endothelial cell marker PECAM-1 (32).
Although GPR30 expression was not detected in the carotid
arteries in the lacZ reportermice, carotid arteries isolated from
GPR30�/� mice displayed relaxation in response to the GPR30
agonist G-1, whereas relaxation was absent in arteries from
GPR30�/� mice (33). In recent studies of isolated precon-
tracted rat carotid arteries, G-1 and another GPR30 agonist,
5408-0877, both caused endothelium-dependent, NO-depen-
dent relaxation (34). However, whereas E2 binds to whole cells
or membranes in primary endothelial cells from wild-type
mice, E2 binding is absent in endothelial cells from ER��/�/
ER��/� mice, in which GPR30 protein expression is demon-
strable and unaltered. In parallel, whereaswild-type endothelial
cells display rapid signaling in response to E2, cells from ER�/
ER� double knock-out mice do not, despite unchanged GPR30
expression (25). The additional key experiment is a test of
responses to E2 by GPR30�/� versus GPR30�/� endothelium,
but this has not yet been reported. Thus, although GPR30 is
expressed in certain endothelial cells, there is currently a lack of
clear evidence of a role for the receptor in estrogen action in the

endothelium. Instead, classical ER� and ER�, and perhaps
truncated forms of ER� (i.e. ER�46), mediate the non-nuclear
actions of the hormone in endothelial cells.

ER Localization to Plasma Membrane Microdomains

Caveolae are specialized cholesterol-rich plasma membrane
organelles that are a subset of lipid rafts that compartmentalize
signal transduction molecules on the cell surface (35), and
eNOS is targeted to caveolae via myristoylation and palmitoy-
lation (24, 36). Fractionation of endothelial cell plasma mem-
branes has revealed both ER� and ER� association with caveo-
lar membranes. The proteins were also found associated with
the non-caveolar plasma membrane fraction. Importantly,
studies in isolated caveolar membranes demonstrated func-
tional coupling of both ER� and ER� to eNOS, and eNOS acti-
vation in caveolae in response to E2 was comparable with that
observed with the classical eNOS agonist ACh, which signals
through M2 muscarinic receptors (22, 23).
The basis for ER localization to the plasma membrane/cave-

olae has been evaluated by mutagenesis, primarily of ER�.
Although not observed in all studies, there is evidence that ER�
interacts with caveolin-1; that the interaction requires Ser-522
of the receptor, which is located within the ligand-binding
domain (E domain) (Fig. 1); and that the interaction facilitates
the trafficking of ER� to caveolae (23, 37). The participation of

FIGURE 1. Post-translational modifications and protein-protein interac-
tions involved in non-nuclear ER� signaling. The structure of ER� is shown
in linear fashion, with the N- to C-terminal domains designated A–F. The
amino acid spans of the domains are indicated by boxed numbers. The N-ter-
minal A/B domain contains a hormone-independent transcription function
(AF-1); the C domain contains the DNA-binding domain (DBD); the D domain
contains nuclear localization signals; the E domain contains the ligand-bind-
ing domain (LBD), which also possesses hormone-dependent activation func-
tion (AF-2); and the F domain, which modulates the ability of ER� to respond
to tamoxifen in a cell-specific manner. Post-translational modifications and
adaptor proteins that interact directly with ER� are shown above the recep-
tor, and kinases, phosphatases, and G proteins with direct interaction are
shown below the receptor, with the relevant residues or regions of ER� that
contain the interaction domains indicated numerically. Modifications or
interacting proteins that regulate ER� non-nuclear functions in the endothe-
lium are shown in black, and those thus far identified in non-endothelial cells
are shown in gray.
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caveolin-1 in ER function has been evaluated in caveolin-1-
deficient mice, which are viable and fertile but display major
changes in the structure and function of the heart, lung, and
blood vessels that may be due to the uncoupling of eNOS from
caveolae (38, 39). The mammary glands of caveolin-1�/� mice
are hyper-responsive to estrogen and develop dysplastic lesions
with adjacent stromal angiogenesis (40), suggesting cross-talk
between caveolin-1 and ER in the tumor microvasculature
in vivo.
In addition to potential participation of caveolin-1 in ER�

targeting to the plasma membrane, Cys-447 of ER�, which is
also within the ligand-binding domain, is a palmitoylation site
that is important for membrane localization of the receptor
(Fig. 1) (41), and additional residues flanking Cys-447 are also
required for plasma membrane targeting via palmitoylation
(42). A role for ER� palmitoylation in endothelial cell receptor
regulation is further supported by the observations in EA.hy926
immortalized human endothelial cells that the N-terminally
truncated variant ER�46 is palmitoylated and that palmitoyla-
tion is required for E2-enhanced plasma membrane recruit-
ment of the receptor (27). The best available information
regarding the topology of plasma membrane-associated ER
is limited to studies of N-terminally Myc-tagged ER�46
expressed in COS-7 cells. Without permeabilization before
staining, fluorescence-activated cell sorting detected cells only
with antibody to theC terminus of ER�46,whereas a signalwith
anti-c-Myc antibody occurred only following permeabilization
(27). These findings suggest that ER�46 possesses a C-terminal
ectodomain, but the basis for such possible membrane orienta-
tion remains enigmatic, and studies of the plasma membrane
topography of endogenous receptor populations are needed.
However, it is now well established that caveolae are the key
plasma membrane microdomain in which ER� and ER� reside
to regulate extranuclear events in endothelial cells and that
their localization to caveolaemost likely depends on interaction
with caveolin and/or receptor palmitoylation.

Signaling by Non-nuclear ER in the Endothelium

Following the initial discovery of rapid eNOS activation by E2
(16, 17), the signaling underlying ER coupling to eNOS received
considerable attention. In early studies, roles for tyrosine
kinases andMAPKs were implicated by the findings that genis-
tein and the MAPKK inhibitor PD98059 prevented eNOS acti-
vation by E2 (21). Further work employing pharmacologic
intervention or detection of changes in protein phosphoryla-
tion upon E2 treatment in arteries or cultured endothelial cells
indicated requirements for PI3K, Akt kinase, and ERK1/2 and
enhanced phosphorylation of Ser-1177 of eNOS (Fig. 2) (25,
44–46). The enhancement of eNOS phosphorylation by Akt
induces activation of the enzyme by a variety of agonists besides
E2 (18), and the signaling events immediately proximal to the
Ser-1177 phosphorylation invoked by E2 are similar to the
upstream events by which a number of plasma membrane
receptors regulate eNOS activity. However, in a unique man-
ner, ER� binds in a ligand-dependent fashion to the p85� reg-
ulatory subunit of PI3K, and the interaction is direct (Fig. 2) and
is notmediated by the Src homology SH2/SH3domains of p85�
(46). The activation of PI3K and its substrate Akt in response to

E2 binding to non-nuclear ER is mediated by c-Src kinase,
whose SH2 domain interacts with phosphorylated Tyr-537 of
ER� (Figs. 1 and 2), and this interaction may facilitate the
plasma membrane recruitment of ER� (26, 47, 48). In studies
primarily in MCF-7 breast cancer cells, it has been demon-
strated that the methylation of Arg-260 in the ER� DNA-bind-
ing domain by the arginine methyltransferase PRMT1 (Fig. 1)
triggers the interaction of the receptor with the p85 subunit of
PI3K and with c-Src and that this process occurs in the cyto-
plasm and participates in non-nuclear downstream signaling
(49).Whether Arg-260methylation is required for non-nuclear
ER� signaling in endothelial cells has yet to be determined.
In addition to activating kinases in endothelial cells, there is

evidence that non-nuclear ER stimulation alters intracellular
calcium homeostasis. In studies of human internal thoracic
artery endothelium in situ and human arterial endothelial cells
in culture, E2 caused a rapid increase in intracellular calcium
at physiologically relevant concentrations of the hormone
(10�9 M); this was attenuated following intracellular calcium
store depletion, and concurrent NO release was demonstrable.
The ER antagonist tamoxifen blunted these responses. Similar
findings were obtained using E2 conjugated to BSA, which has
been employed to evaluate the role of cell-surface receptors
(50). However, observations with E2-BSA should be interpreted
with caution because freshly prepared solutions of E2-BSA con-
tain free immunoassayable E2; E2-BSA binds to ER only poorly
because the E2 is linked to BSA through chemical groups in E2
that are important for ER binding; and certain E2-BSA prepa-
rations are of very high molecular weight, suggesting extreme
protein cross-linking (51, 52). In cultured rat endothelial cells,
E2 and E2-BSA also caused comparable calcium transients that
were attenuated by the ER antagonist ICI 182,780 (53). How-
ever, other studies has shown that E2 does not induce a discern-
ible acute increase in intracellular calcium in endothelial cells
(17, 54) despite clear evidence that the non-nuclear activation
of eNOS by E2 is calcium-dependent (16, 55). These disparities
are potentially related to the involvement of highly localized,

FIGURE 2. Non-nuclear ER� resides in a signaling complex associated
with endothelial cell caveolae/lipid rafts. Upon estrogen binding, G�i and
G�� disassociate from ER�, and liberated G�� activates c-Src. This leads to
the activation of PI3K, which activates Akt to phosphorylate eNOS Ser-1177,
and to the activation of ERK1/2, which is also required to yield an increase in
eNOS enzymatic activity. The resulting NO that is produced has both auto-
crine and paracrine actions.
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caveola-associated calcium pools and caveola-associated pro-
teins that regulate calcium homeostasis (56) because E2 activa-
tion of the enzyme in isolated endothelial cell plasma mem-
branes and caveolae occurs in the absence of added calcium but
is completely prevented by calcium chelation (23).
The localization of ER� to endothelial cell caveolae and both

the physical and functional interaction of the receptor with
other signaling molecules in that domain suggest that adaptor
proteins may also participate in non-nuclear actions of ER� in
endothelial cells. One such candidate is the ER�-binding pro-
tein striatin, which is a member of theWD repeat protein fam-
ily. In studies limited to the endothelial cell line EA.hy926, stria-
tin and ER� were co-immunoprecipitated, and overexpression
of striatin increased the abundance of the receptor at the
plasma membrane. In addition, E2 stimulated the formation of
a complex containing ER�, striatin, and G�i, which is critically
involved in non-nuclear ER� function in endothelial cells (see
below). Pulldown experiments with purified proteins identified
direct interaction between striatin and ER� involving amino
acids 183–253 of the receptor (Fig. 1), and a peptide represent-
ing amino acids 176–253 of ER� prevented E2 activation of
ERK1/2, Akt, and eNOS (57). These findings support a role for
striatin in non-nuclear ER� function in endothelial cells, but
further genetic evidence and studies in primary endothelial
cells and in vivo models are needed to strengthen such a con-
clusion. There are three additional molecules with direct inter-
actions with ER� that are of consequence to non-nuclear sig-
naling and that have been studied in non-endothelial cells.
Work in HeLa andMCF-7 cells has revealed that ER� interacts
with hematopoietic PBX-interacting protein (HPIP), which
mediates the binding of the receptor with tubulins and also
recruits the p85 subunit of PI3K and Src kinases to an ER�
complex upon E2 binding, leading to the stimulation of Akt and
ERK1/2. There is a direct interaction of ER� with HPIP that
requires amino acids 264–302 and 552–595 of the receptor
(Fig. 1) (58). The protein Shc (Src homology and collagen
homology), which has a direct interaction with ER� that
requires residues between amino acids 1 and 367 of the recep-
tor, is critically involved in linking E2 binding to non-nuclear
ER�withmorphologic changes and the growth of breast cancer
cells (59). Furthermore, a scaffolding protein designated as
MNAR (modulator of nongenomic activity of ER) has been
described that promotes E2-induced interaction between ER�
and Src family kinase(s) in non-endothelial cells (60). ER�-re-
lated functions of HPIP, Shc, and MNAR in the endothelium
have yet to be queried.

G Protein Coupling of Non-nuclear ER in the
Endothelium

As illustrated above, our deepest understanding of non-nu-
clear ER signaling in the endothelium resides in the realm of the
modulation of eNOS. The participation of c-Src, PI3K, Akt, and
ERK1/2mimics the involvement of these kinases in eNOSmod-
ulation by numerous other agonist-receptor pairs (18). How-
ever E2-ER regulation of eNOS entails not only the unique
direct interactions between ER� and c-Src and PI3K but also
novelG protein coupling of the receptor. The potential involve-
ment of G proteins was initially revealed in studies demonstrat-

ing that E2 activation of eNOS is pertussis toxin-sensitive and
that ER� and G�i can be co-immunoprecipitated from endo-
thelial cell plasma membranes, with pertussis toxin preventing
the co-immunoprecipitation (61). Pulldown experiments then
revealed that ER� binds directly to G�i andG��, andmutagen-
esis and experiments with a blocking peptide showed that this
occurs via amino acids 251–260 and 271–595 of human ER�,
respectively (Fig. 1). Studies of ER� complexed with heterotri-
meric G proteins further showed that E2 causes the release of
both G�i and G�� without stimulating guanine nucleotide
exchange.Moreover, in COS-7 cells, the disruption of ER�-G�i
interaction by deletionmutagenesis of the G�i-binding domain
of ER�, expression of a blocking peptide, or G�� sequestration
with the �-adrenergic receptor kinase C terminus fully attenu-
ates Src kinase andERK1/2 activation by E2. In endothelial cells,
the disruption of ER�-G�i interaction prevents eNOS activa-
tion and also the blunting of monocyte adhesion and the stim-
ulation of cell migration caused by E2 (62). Thus, direct ER�-G
protein interaction underlies the functional coupling of the
receptor to kinase cascades and the resulting downstream cel-
lular responses in the endothelium (Fig. 2).

Cross-talk between Non-nuclear ER Signaling and
Nuclear Processes

Along with the rapid cellular responses (such as activation of
NO production) that result from the immediate signaling
caused by non-nuclear ER activation in endothelial cells, there
are important potential consequences on endothelial cell gene
expression. Studies in nonvascular cells indicate that ER� Ser-
104, Ser-106, and Ser-118 are potential targets for phosphory-
lation by the cyclin-dependent protein kinases CDK2 (Ser-104
and Ser-106) and CDK7 (Ser-118), with CDK7 actions occur-
ring in response to E2. In addition, ER� Ser-118 can be phos-
phorylated by ERK1/2 in a ligand-independent manner. It is
further known that these events modify the regulation of gene
transcription by ER� (63–65). The activation of NO produc-
tion by non-nuclear E2 and ER� signaling also potentially influ-
ences nuclear actions of the hormone. S-Nitrosylation of cys-
teine residues within ER� has been detected upon NO donor
treatment of MCF-7 breast cancer cells, resulting in the inhibi-
tion of ER� DNA binding at specific estrogen response ele-
ments. Thus, although the studies to date have been carried out
in non-endothelial cells, the phosphorylation and also the S-ni-
trosylation of ER� invoked by its own non-nuclear signaling
may have an important influence on the nuclear actions of E2
and ER in the endothelium.
Direct evidence of cross-talk between non-nuclear ER signal-

ing and nuclear processes has been obtained in studies in cul-
tured endothelial cells. In human umbilical vein endothelial
cells, E2 treatment for 40 min up-regulates the expression
of 250 genes, and their up-regulation is PI3K-dependent.
Cyclooxygenase-2 is one such target gene, and its up-regulation
results in increased prostacyclin and prostaglandin E2 secretion
(66). The inhibitor of angiogenesis thrombospondin-1 is tran-
siently down-regulated by E2 in human umbilical vein endothe-
lial cells via ERK1/2 and JNK/SAPK signaling (67). Further-
more, E2 activation of eNOS leads to the up-regulation of
telomerase activity via the stimulation of transcriptional trans-
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activation of hTERT, the catalytic subunit of human telomerase
(68). Additional studies have demonstrated that these pro-
cesses participate in the promigratory response of endothelial
cells to E2 (66–68), to which the non-nuclear activation of the
small GTPase RhoA, Rho kinase, and moesin also contributes
(69). It has also been demonstrated that both the promigratory
response to E2 and the stimulation of endothelial cell growth by
the hormone are G�i-, Src-, and eNOS-dependent (70). Fur-
thermore, the ability of E2 to preserve endothelial cell stress
fiber formation and actin and membrane integrity under met-
abolic stress and to attenuate hypoxia-induced apoptosis is
dependent on p38 MAPK activation and the resulting activa-
tion of MAPKAP-2 kinase and HSP27 phosphorylation (71).
These diverse processes take place in endothelial cells concur-
rently with the classical actions of ER serving as transcription
factors binding directly to DNA via estrogen response elements
or indirectly via tethered processes occurring via Sp1 or AP-1.
Interestingly, the protein phosphatase PP2A interacts directly
with ER� via amino acids 176–253 of the receptor (Fig. 1), and
the phosphatase dephosphorylates ER� Ser-118. Okadaic acid
inhibition of PP2A activates ER�-mediated gene transcription,
and in endothelial cells, this leads to eNOS protein up-regula-
tion (72). Because PP2A also dephosphorylates eNOS Ser-1177
(73), which is phosphorylated by Akt to yield greater eNOS
enzymatic activity upon E2 treatment, it is interesting to envi-
sion that a member of the complex of proteins interacting with
non-nuclear ER may counter-regulate the activating function
of that complex. It is becoming more and more apparent that
the ultimate physiologic responses of the endothelium to E2
entail complex combinations of non-nuclear and nuclear pro-
cesses and the influences of the diversemodes of cross-talk that
occur between them.

In Vivo Interrogation of Non-nuclear ER Actions

Until recently, our ability to rigorously distinguish nuclear
from non-nuclear ER actions in the endothelium and other cell
types was limited, and in vivo interrogation was not feasible.
E2-BSA was initially used in studies of cultured endothelial
cells, and it caused the stimulation of eNOS phosphorylation
(74). However, as noted above, the selectivity of E2-BSA for
non-nuclear ER activation and its stability are uncertain. An
estrogen-dendrimer conjugate (EDC) was then created in
which estrogen was attached to a large positively charged non-
degradable poly(amido)amine dendrimer via hydrolytically sta-
ble linkages, thereby excluding EDC from the nucleus (43).
EDC stimulates cultured endothelial cell proliferation and
migration via ER�, G�i, and the activation of Src kinase and
eNOS that they invoke. Studies of estrogen response element-
luciferase reporter mice and ER target gene expression in the
uterus further demonstrated that EDC causes the selective acti-
vation of non-nuclear ER signaling when administered in vivo.
In mice, E2 and EDC equally stimulate carotid artery re-endo-
thelialization (Fig. 3A), and this is dependent on ER-G�i cou-
pling (70); both agents attenuate the development of neointimal
hyperplasia that occurs following endothelial injury in the set-
ting of hypercholesterolemia (Fig. 3B). However, whereas uter-
ine andMCF-7 breast cancer cell xenograft growth in vivo (Fig.
3, C and D, respectively) is stimulated by E2, it is not promoted

by EDC (70). Further studies in cultured endometrial carci-
noma cells and MCF-7 breast cancer cells demonstrated that
although non-nuclear signaling and ERK1/2 activation indeed
occur upon treatment with EDC, in contrast to the response of
endothelial cells, the selective activation of non-nuclear ER sig-
naling does not stimulate growth of the cancer cells (43, 70).
Thus, EDC is a non-nuclear selective ERmodulator in vivo, and
non-nuclear ER signaling provides potent cardiovascular pro-
tection without promoting uterine or breast cancer tumor
growth. These processes can potentially be harnessed to pro-
vide vascular benefit without increasing cancer risk.

Conclusions and Current Questions

The study of non-nuclear ER signaling in the endothelium
has revealed novelmechanisms that provide greater diversity of
function of the receptor. In its extranuclear locale, ER� has
novel actions related to unique post-translational modifica-
tions and interactionswith adaptor proteins, kinases, and phos-
phatases and also G proteins. The studies in mice using EDC
revealed that non-nuclear ER� coupling to G�i is operative in
vivo, and a beneficial impact on neointima formation has been
demonstrated.We do not yet knowwhether non-nuclear selec-
tive ER activation affords atheroprotection, and although non-
nuclear ER� activation in the endothelium is likely of impor-
tance, the cell types in which non-nuclear ER� influences
vascular disease pathogenesis have yet to be identified. It is also
unclear how non-nuclear ER function contributes to estrogen

FIGURE 3. Non-nuclear ER activation in mice promotes re-endothelializa-
tion and provides protection from neointima formation, but it does not
promote uterine or breast cancer growth. Experiments were performed in
ovariectomized female mice administered vehicle (Veh), E2, control den-
drimer (Dend), or EDC. A, in studies of carotid artery re-endothelialization
following perivascular electric injury, the remaining area of endothelial denu-
dation that has incorporated Evans blue dye 3 days post-injury is shown.
B, neointima formation was evaluated in ApoE�/� mice 2 weeks following
carotid artery endothelial denudation. C, uterotrophic responses to the treat-
ments were also assessed. D, following the establishment of MCF-7 cell tumor
xenografts in SCID mice, the growth responses of the tumors to 21 days of
treatment were determined. This figure was reprinted with permission (70).
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modulation of metabolism. Considering the prevalence of
cross-talk between non-nuclear and nuclear ER actions, it is
important to recognize that although EDC provides a selective
gain-of-function intervention targeting non-nuclear ER, loss-
of-function strategies to specifically negate non-nuclear ER
function are also needed. It is only through loss of function that
new knowledge will be gained about the role of non-nuclear ER
signaling in the actions of endogenous estrogens, whose levels
are highly dynamic. The structural features of ER� involved in
non-nuclear signaling (Fig. 1) can potentially be modified to
yield non-nuclear selective loss of function. Such approaches
will be important in future studies attempting to understand
the disparate roles of non-nuclear ER activation in the regula-
tion of cell growth, as observed in endothelial cells compared
with endometrial or breast cancer cells (70). Numerousmyster-
ies also remain about the topology of plasma membrane-asso-
ciated ER and the basis onwhich trafficking to the plasmamem-
brane versus nucleus is determined. It is only through further
investigation of this unique aspect of endocrinology thatwewill
increase our understanding of how non-nuclear ER signaling
influences the behavior of the endothelium, as well as other cell
types, under normal or pathologic conditions.
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Replication of herpes simplex virus takes place in the cell
nucleus and is carried out by a replisome composed of six viral
proteins: the UL30-UL42DNApolymerase, the UL5-UL8-UL52
helicase-primase, and the UL29 single-stranded DNA-binding
protein ICP8. The replisome is loaded on origins of replication
by the UL9 initiator origin-binding protein. Virus replication is
intimately coupled to recombination and repair, often per-
formed by cellular proteins. Here, we review new significant
developments: the three-dimensional structures for the DNA
polymerase, the polymerase accessory factor, and the single-
stranded DNA-binding protein; the reconstitution of a func-
tional replisome in vitro; the elucidation of the mechanism for
activation of origins of DNA replication; the identification of
cellular proteins actively involved in or responding to viral
DNA replication; and the elucidation of requirements for for-
mation of replication foci in the nucleus and effects on pro-
tein localization.

Herpesviruses are found in all animals frommolluscs toman.
During evolution, the viruses have become tightly associated
and co-evolved with their hosts. They seem to cross species
borders only by accident, and in such rare instances, they may
cause unexpected and severe disease. Herpesviruses have an
unusual lifestyle; they cause lytic infection in cells, leading to
efficient production of new infectious virus particles, and they
also establish latent infections in either non-dividing neuronal
cells or cycling cells of the immune system. The latent state is
characterized by expression of a very limited set of genes to
ascertain maintenance of virus chromosomes and to escape
recognition by the immune system. Themechanisms for estab-
lishing latency appear to differ considerably for different her-
pesviruses. In contrast, mechanisms for replication of virus
DNA during lytic infection and subsequent formation of infec-
tious particles seem to be evolutionarily conserved. There is
one notable exception; the mechanism for recognition of ori-
gins of DNA replication and initiation of DNA synthesis differs
between the herpesvirus families.
Humans can be infected by eight different herpesviruses.

Herpes simplex viruses I and II and varicella zoster virus are
alphaherpesviruses. Cytomegalovirus and the roseoloviruses,

human herpesviruses 6 and 7, are classified as betaherpesvi-
ruses. Epstein-Barr virus and Kaposi’s sarcoma-associated her-
pesvirus belong to the gammaherpesvirus subfamily.
In this minireview, we discuss recent developments in repli-

cation, recombination, and repair of herpes simplex virusDNA.
We will take as our starting point a previous minireview in the
Journal of Biological Chemistry that provides an insightful and
accurate description of basic mechanisms and components of
the herpes simplex virus replicationmachinery (1). Noteworthy
new developments have been (i) the presentation of three-di-
mensional structures for the DNA polymerase, the polymerase
accessory factor, and the single-strandedDNA-binding protein
(ssDNA)2; (ii) the reconstitution of a functional replisome in
vitro; (iii) the elucidation of the mechanism for activation of
origins of DNA replication; (iv) the identification of cellular
proteins actively involved in or responding to viral DNA repli-
cation; and (v) the elucidation of requirements for formation
of replication foci in the nucleus and effects on protein
localization.

Structure of Replicating DNA

Early in infection, the herpes simplex virus capsid is trans-
ported to the nuclear pores and delivers the 150-kb double-
stranded linear DNA into the nucleus. Linear DNA, which does
not appear to activate the double-strand break response, is rap-
idly converted to circular genomes (Fig. 1) (2–4). Circulariza-
tion is not prevented by inhibitors of viral DNA synthesis or
protein synthesis, and circular molecules function as templates
for DNA synthesis (2). Experiments using mutant cell lines and
siRNA-mediated knockdown of cellular DNA ligases demon-
strate that DNA ligase IV/XRCC4 is specifically required for
formation of end-less genomes and efficient virus replication
(Fig. 1) (5).
The linear genome of HSV-1 DNA is composed of distinct

sequence elements arranged in the order ab-UL-b�a�c�-US-ca
(where UL is the unique long segment and US is the unique
short segment). The genome contains three highly similar and
functionally redundant origins of DNA replication: two copies
of oriS and one copy of oriL. The a sequences serve as cleavage
and packaging signals. The presence of direct terminal repeats
at the ends still make it possible that homologous recombina-
tion can serve as a less efficient pathway for formation of end-
less genomes (6).
The commonly accepted model for HSV-1 replication pre-

dicts initial bidirectional theta-type replication, resulting in
amplification of circularmolecules, followed by a switch to roll-
ing circle replication generating concatemers of viral genomes
(Fig. 1). In reality, replicating HSV-1 DNA appears to exist in a
complex non-linear branched form from which only small
amounts of monomer DNA can be released by restriction
enzyme cleavage (7). In contrast, human herpesvirus 6 has a
simpler genome structure, a-U-a, and contains only a single* This work was supported by grants from the Swedish Cancer Foundation,

the Swedish Research Council, and the Sahlgrenska University Hospital
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origin for lytic DNA replication. The replication intermediates
also have a simpler structure. They are not highly branched and
consist of head-to-tail concatemers as well as circular mono-
mers or oligomers (8). These observations argue in favor of the
traditional model for lytic replication of herpesviruses, but they
also demonstrate that the presence of multiple origins of repli-
cation and repeated sequence elements generates replication
intermediates that may require extensive editing before infec-
tious genomes are produced.
The UL12 alkaline exonuclease seems to be involved in pro-

cessing of replicated DNA because a knock-out mutant shows
severely impaired growth and generates capsids containing
abnormal genomes (9). The observation that large numbers of
non-infectious yet DNA-containing virus particles are pro-

duced in cells infected by a virus lacking the alkaline exonu-
clease demonstrates the need for proper editing of primary rep-
lication products.

Replication Machinery

DNA replication is initiated at the redundant origins of rep-
lication oriL and oriS. The origins of replication are recognized
and activated by the origin-binding protein (OBP), encoded by
the UL9 gene (10, 11).
DNA synthesis is carried out by a replisome composed of a

heterodimeric DNA polymerase encoded by the UL30 and
UL42 genes; a trimeric helicase-primase encoded by the UL5,
UL8, andUL52 genes; and a ssDNA-binding protein commonly
referred to as ICP8 (infected cell protein 8), encoded by the
UL29 gene (Fig. 1) (1). A functional replisome can be reconsti-
tuted from purified proteins (12, 13). The replisome can use a
minicircle template for rolling circle replication and generate
leading and lagging strand products. Rolling circle replication
has also been visualized by electron microscopy (14). The
approximate rate of unwinding, 60–65 bp/s, approaches the
rate of forkmovement in vivo, and it is not further stimulated by
the HSV-1 DNA polymerase (15). OBP helicase activity is not
required for fork movement, and it cannot replace helicase-
primase at the fork (12). A coupling between leading and lag-
ging strand synthesis is suggested by the observation that
assembled replisomes are able to carry out synthesis of double-
stranded DNA even in the presence of a competing template-
primer, but evidence for a direct coupling is still lacking (12).
Synthesis of leading and lagging strand products using the
minicircle template can be achieved by the UL30-UL42 DNA
polymerase and the UL5-UL52 helicase-primase subassembly
in the absence of ICP8 and UL8 (12, 13). However, DNA syn-
thesis is stimulated by ICP8, and at least in vitro, UL8 has to be
present in seemingly equimolar amounts for stimulation to
occur (12). The lagging strand products, ranging between 0.2
and 4 kb in vitro, are likely to be further processed by Fen-1 and
DNA ligase I (12, 13, 16). Additional proteins such as the viral
uracil glycosylase UL2 may associate with the replisome and
contribute to replication fidelity (17).
HSV-1 DNA replication takes place in nuclear foci, which

later turn into larger replication compartments (Fig. 1) (18).
The formation of replication compartments requires active
DNA synthesis. A large number of cellular proteins localize to
the replication compartments or co-immunoprecipitate with
viral replication proteins such as ICP8 (19). The functional role
of such proteins during virus replication remains to be
elucidated.

Activation of Origins of DNA Replication

TheHSV-1 replicon consists of the replicator sequences oriS
and oriL and the initiator protein OBP assisted by ICP8. OBP is
a superfamily II DNA helicase with a C-terminal domain for
sequence-specific binding to origins of replication. The repli-
con has evolved from an ancestor common to the roseolovi-
ruses, humanherpesviruses 6 and 7, and the alphaherpesviruses
(20). oriS from HSV-1 has two binding sites, boxes I and II, for
the initiator protein OBP and an additional weak site, box III.
Boxes I and III together form a stable hairpin (20). The binding

FIGURE 1. Herpes simplex virus DNA replication. Upper, the linear genome
is circularized by DNA ligase IV/XRCC4 and serves as template for the viral
replication machinery. A first phase of theta-type replication, initiated at
three redundant origins of replication oriS and oriL, is followed by rolling
circle replication. Note that frequent recombination events generate mole-
cules with a more complex structure (see text). The figure is adapted from Ref.
5. UL and US, unique long and short segments, respectively. Middle, the HSV-1
replication fork. Lower, HSV-1 replication causes a series of structural changes
in the cell nucleus characterized by co-localization of replication, repair, and
recombination proteins (for further details, see Ref. 18).
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sites are always separated by an AT-rich spacer sequence, and
at least for HSV-1, the efficiency of initiation of DNA replica-
tion varies periodically with the length of spacer sequence (21,
22). The recognition sequence for OBP, TTCGCAC, is highly
conserved among alphaherpesviruses but differs from its coun-
terpart in roseoloviruses (20). OBP binds cooperatively to oriS,
and the assembly of a stable complex containing two OBP
dimers on oriS as well as ICP8 has been visualized by electron
microscopy (23). OBP alone can destabilize the AT-rich spacer
sequence (24). In the presence of ATP, the preinitiation com-
plex will proceed to unwind DNA and generate stretches of
�300-bp single-stranded DNA (ssDNA) covered with ICP8
within 15 min on linear DNA (23).
Biochemical investigations have revealed that linear oriS is

converted to ssDNA containing a box I/box III hairpin by OBP
and ICP8 in the presence of ATP (25). The hairpin is stably
bound, in a sequence-specific manner, by the C-terminal
domain of OBP, and the single-stranded AT-rich spacer is con-
tacted by theN-terminal helicase domains (Fig. 2) (26). A dimer
of OBP can simultaneously bind two double-stranded DNA
ligands but only one copy of a box I/box III hairpin with a
10-nucleotide single-stranded tail (26). It has been argued that
this finding reflects a conformational change in OBP, from an
origin-binding conformation to a helicase conformation, which
can be facilitated by the interaction between ICP8 and the
WPXXXGAXXFXXLmotif found in the extreme C terminus of
OBP (20, 26). When ICP8 is in contact with ssDNA, this inter-
action can no longer be sustained (27). Thus, OBP seems to be
able to attract and deliver ICP8 in an orderly manner to acti-
vated oriS (Fig. 2).
The C-terminal domain of OBP can, as a monomer, bind

sequence-specifically to the major groove of DNA (28). How-
ever, a second monomer can, at least in vitro, be rapidly
recruited form a stable 2:1 complex (29). A ternary 2:1:1 com-
plex between theC-terminal domain ofOBP, ICP8, anddouble-
strandedDNAhas been observed (29). These observationsmay
suggest that activation of oriS is accompanied bymajor confor-
mational changes in the C-terminal DNA-binding domain of
OBP. It remains to be seen if these features can be recapitulated
with a single dimer of OBP or a complex of two dimers on oriS.
It has not yet been possible to establish in vitro a reconsti-

tuted system for origin-dependent DNA synthesis, and we

therefore lack information about recruitment of helicase-pri-
mase to activated oriS and synthesis of the first primers. It is in
fact possible that additional factors such as DNA polymerase
�-primase may have specific roles during HSV-1 DNA replica-
tion (30).

Properties of Replisome Proteins

UL30-UL42 DNA Polymerase—The HSV-1 DNA polymer-
ase consists of a catalytic subunit, the product of theUL30 gene,
and an accessory subunit, the UL42 protein, which enhances
the processivity of the enzyme.TheUL30polymerase is a family
B DNA polymerase that is 25% identical to DNA polymerase �
from Saccharomyces cerevisiae (31, 32). The three-dimensional
structure resembles not only that of DNApolymerase � but also
that of phage RB69 DNA polymerase (Fig. 3) (31, 32). A pre-N-
terminal domain (amino acids 1–140) precedes the N-termi-
nal domain, which shares three motifs with S. cerevisiae DNA
polymerase � (31). The first motif has a topology resembling
that of the OB-fold; motif II has similarity to the RNA-binding
motif found in ribonucleoproteins; and the third motif consists
of two �-helices connected by a short helix or a loop. The 3�–5�
exonuclease, the palm, the fingers, and the thumb subdomains
are arranged as for other family B members. The HSV-1 UL30-
UL42 polymerase complex is reported to misincorporate
dNTPs as frequently as 1 in 300 incorporation events, and it
exhibits an average elongation rate of 44 nucleotides/s (33).
Mutational inactivation of the 3�–5� exonuclease causes
decreased fidelity and modest strand displacement activity (16,
34). The antiviral compound acyclovir is incorporated less effi-
ciently than dGTP but causes chain termination, and it is
removed with a half-life of 1 h (36). Interestingly, the polymer-
ase can cleave an apurinic/apyrimidinic site in duplex DNA as
well as remove the product 5�-deoxyribose phosphate by a lyase
activity (37). The presence of a separate UL2 uracil glycosylase
as well as apurinic/apyrimidinic and 5�-deoxyribose phosphate
lyase activities in the virus polymerase indicates important
roles in enhancing replication fidelity (17).
TheUL42 subunit serves as a processivity factor for theUL30

DNA polymerase (39, 40). The extreme C terminus of UL30
binds tightly to UL42, and a peptide corresponding to the last
18 amino acids of UL30 can in fact inhibit long-chain DNA
synthesis (41). A crystal structure of UL42 truncated at its C
terminus in complex with a 36-amino acid peptide correspond-
ing to the C terminus of UL30 reveals a remarkable resem-
blance to a proliferating cell nuclear antigen protomer despite a
lack of sequence similarity (Fig. 3) (42). HSV-1UL42 is active as
a monomer and binds tightly to DNA via a positively charged
surface opposite the UL30-binding site (43). It is nevertheless
capable of translocating efficiently along DNA (43, 44). UL42 is
reported to be a phosphoprotein, but the functional conse-
quences of phosphorylation or any other post-translational
modification remain to be investigated (45).
UL5-UL8-UL52Helicase-Primase—TheHSV-1 helicase-pri-

mase was first identified as a DNA-dependent ATPase and sub-
sequently shown to be composed of three subunits: the UL5
helicase, the UL52 primase, and the accessory protein UL8 (46,
47). A UL5-UL52 subassembly retains all enzymatic activities,
but it fails to localize to the nucleus in the absence of UL8 (48).

FIGURE 2. HSV-1 origins of replication activated by OBP and ICP8 in the
presence of ATP. A dimer of OBP binds to a hairpin with helicase domains
covering 3�-ssDNA and delivers ICP8 to ssDNA (26).
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UL8 is also required for efficient unwinding of long duplex DNA
substrates in the presence of the ssDNA-binding protein ICP8,
and surface resonance experiments reveal that the UL5-UL8-
UL52 complex, but not the UL5-UL52 subassembly, interacts
physically with ICP8 (49). The same features are recapitulated in
experiments using the herpesvirus replisome on aminicircle tem-
plate (see above). It is commonly assumed that helicase-primase
operates as a trimer at the replication fork; however, a recent study
suggests that it may also exist in higher order complexes (50).

The UL5 subunit can be identified as a superfamily I DNA
helicase, and it operates on the lagging strand template, moving
in a 5�–3� direction. The six helicase motifs have been identi-
fied, and functional roles have been established by site-directed
mutagenesis (51). The UL52 primase has a catalytic DXDmotif
and an evolutionarily conserved C-terminal zinc finger, and
both are required for function (52–54). TheUL8 protein has no
apparent cellular homolog that could be identified by sequence
analysis. It is reported to interact not only with the UL5-UL52
complex but also with OBP (55), ICP8 (49), and UL30 DNA
polymerase (56). The properties of UL52 primase in complex
with UL5 have been examined in some detail. It synthesizes
2–13-nucleotide-long products, but only products longer than
8 nucleotides are used by polymerase (30). Efficient priming
occurs only at 3�-G-Pyr-Pyr sequences (57); it is an inaccurate
enzyme and misincorporates natural NTPs as well as synthetic
substrates at high frequency (58, 59). It is also affected by tem-
plate and primer slippage (58). Mutations in the UL52 zinc fin-
ger also abolish the helicase activity of UL5, illustrating the
functional interdependence of the two enzymes in a single com-
plex (60).
Helicase-primase is also the target for a novel series of highly

efficient non-nucleoside antiviral compounds (61–63). Ac-
quired resistance to these drugs is associated with mutations in
the helicase and the primase subunits, thereby emphasizing the
interdependence of the two enzymes (63, 64).
ssDNA-binding Protein ICP8—A high-resolution crystal

structure of a truncated version of ICP8 lacking only the last 60
amino acids has been reported (Fig. 3) (65). Truncated ICP8 still
binds ssDNA but with loss of cooperativity (66). The crystal
structure reveals a large N-terminal domain (residues 9–1038)
and a small C-terminal domain (residues 1049–1129). The
front side of the neck region resembles the OB-fold, and a zinc
finger is likely to provide structural integrity. An attractive
model suggests how the helical C-terminal domain and the last
60 amino acids act together to account for the formation of a
flexible stretched ssDNAmolecule (Fig. 3) (64). In themodel, 14
nucleotides are covered by one ICP8molecule, which is in good
agreement with experimental results (27).
The functional roles of ICP8 during activation of oriS and

propagation of the replication fork have been experimentally
addressed in vivo and in vitro (see above), but ICP8 has also
properties of a recombinase; it can promote strand annealing as
well as helix destabilization. The process has been visualized
demonstrating how two coiled ICP8-ssDNA nucleoprotein fil-
aments generate intertwined coiled-coil structures in which
strand annealing occurs (66). ICP8 has also been demonstrated
to promote strand invasion in vitro, and together with helicase-
primase, it can promote strand exchange (67, 68). A possible
role could be to promote recombination-dependent DNA syn-
thesis during repair of double-strand breaks (69, 70). It has,
however, not yet been possible to assess the significance of the
recombinase properties of ICP8 during the course of a virus
infection.

Regulation of DNA Synthesis

Herpes simplex virus DNA synthesis requires ICP4-depen-
dent expression of early genes encoding the seven replication

FIGURE 3. Structure of HSV-1 replication proteins. Shown are the UL30
DNA polymerase (31), the UL42 processivity factor with a C-terminal peptide
from UL30 DNA polymerase (42), and a filament composed of ICP8 and ssDNA
(65).

MINIREVIEW: Replication of HSV-1 DNA

15622 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 18 • MAY 6, 2011



proteins discussed above. However, it is also possible that acti-
vation of the origins may be controlled during an infectious
cycle as well as during reactivation from latency. In addition,
coordination of replication with recombination and repair
might require modification of replication proteins. It has been
noted that the initiator protein OBP is required only during the
early part of the lytic infection and that expression of truncated
versions composed of the C-terminal DNA-binding domain
might serve as an inhibitor of initiation (72, 73). The activity of
OBP may be controlled by phosphorylation and subsequent
ubiquitin-dependent degradation mediated by the F-box pro-
tein NFB42, a mechanism suitable for establishing and main-
taining latency in neuronal cells (74, 75).

Repair and Recombination of HSV-1 DNA

Herpes simplex virus replication is intimately coupled to
homologous recombination. It is known that homologous
recombination is responsible for the inversion of the unique
long and short segments of the genome, and it is possible that
the frequency of recombination is enhanced by strand breaks
produced during replication or by cellular nucleases (76, 77).
The enzymes and regulatory molecules required for homolo-
gous recombination have only been partially characterized.
Knockdown experiments with Rad51, Rad52, and Rad54 may
result in a small reduction in virus replication (78, 79). How-
ever, if the same experiment is performed using UV light-
treated virus particles, the virus yield is reduced by �50–150-
fold, indicating that homologous recombination serves as an
efficient pathway for repair of damagedDNA (79). These obser-
vations do not exclude that viral proteins such as ICP8 can
perform similar functions. An additional way to promote
homologous recombination may involve the alkaline exonu-
clease UL12 and ICP8; together, they may promote strand
exchange in vitro (80). In addition, UL12 interacts with the
Mre11-Rad50-Nbs1 complex, providing a connection with cel-
lular pathways for double-strand break repair (81). Active virus
replication also activatesATManddownstream signaling (3, 4),
but ATR signaling is disabled (82). Because activation of ATR
depends on binding of replication protein A to stretches of
ssDNA (83), it is tempting to speculate that competition
between ICP8 and replication protein A for binding to ssDNA
may affect the response to DNA damage.
A tight association between virus replication andDNArepair

is suggested by the presence of a gene for uracil glycosylase in
theHSV-1 genome. The enzyme forms a complexwith the viral
DNA polymerase and collaborates to performDNA repair (37).
The presence of a dUTPase and a ribonucleotide reductase
lacking allosteric control mechanisms may indicate an
enhanced risk for misincorporation of dNTPs during replica-
tion (35). It is also of interest to note that components of the
mismatch repair system, together with proliferating cell
nuclear antigen and replication factor C, can be found at sites of
Epstein-Barr virus DNA synthesis (38).
Clearly, there are close connections between virus replica-

tion, repair, and recombination. A recent study demonstrates
the requirement for homologous recombination as well as
nucleotide excision repair and the translesion synthesis DNA
polymerase � for replication of UV light-damaged HSV-1 (79).

The virus replisome appears to bemore sensitive to DNA dam-
age than the transcription apparatus because expression from
immediate-early and early genes is largely unaffected under
conditions in which replication-dependent expression from
late genes is severely reduced (79). The immediate effects of
DNA damage on the virus replisome have not been studied.

Concluding Remarks

High-resolution structural information and extensive func-
tional characterization of the replication proteins form the
foundation for future research. Detailed studies of replication
processes in vivo and in vitro can be combined with an under-
standing of the cellular contributions as well as response to
virus replication. Such studies will shed light on the biology of
herpesviruses and also serve to elucidate fundamental cellular
processes.
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Amyloid is traditionally viewed as a consequence of protein
misfolding and aggregation and is most notorious for its associ-
ation with debilitating and chronic human diseases. However, a
growing list of examples of “functional amyloid” challenges this
bad reputation and indicates that many organisms can employ
the biophysical properties of amyloid for their benefit. Because
of developments in the structural studies of amyloid, a clearer
picture is emerging about what defines amyloid structure and
the properties that unite functional and pathological amyloids.
Here, we review various amyloids and place them within the
framework of the latest structural models.

The idea that functional proteins can employ an amyloid
structure is just the latest step in the evolution of the concept of
amyloid. The term amyloid is itself a misnomer arising from its
originalmisidentification as being composed of starch, but even
after it was determined to be proteinaceous (reviewed in Ref. 1),
its identity was largely defined by its histological properties,
such as localization to tissue plaques with specific dye-binding
properties. A protein structural view of amyloid began to
emerge in the 1960s after the work of Cohen and Calkins (2),
who first reported its non-branching fibrillar structure viewed
by electron microscopy. A decade later, Eanes and Glenner (3)
showed by x-ray diffraction that amyloid is �-sheet-rich, with
the �-strands perpendicular to the long axis of the fibrils, the
distinctive “cross-�-pattern.” Thus, amyloid came to be viewed
as a highly ordered filamentous structure and not simply amor-
phous deposits in tissue.
The traditional link of amyloid to disease has led some to

assert that the term “amyloid-like” should be used for proteins
that possess the hallmarks of amyloid but are not associated
with pathological plaques (4). Regardless of localization or
functionality, there exists a protein biophysical state that is not
limited to disease and more broadly represents a low-energy
conformation that is common tomany polypeptides (5). Know-
ing which proteins are likely to be amyloidogenic under physi-
ological conditions is difficult because there is no particular
defining amino acid sequence motif. Moreover, amyloid-form-
ing proteins display a broad range of sequence composition;

however, intrinsic disorder (or destabilized structure) in the
amyloid-prone domain is common.
The contemporary definition of amyloid is based primarily

on its structural and biophysical properties. Amyloid is a highly
ordered protein aggregate with a filamentous morphology that
is generally unbranchedwith indefinite length and diameters of
�2–20nm.These fibrils are rich in�-sheet secondary structure
and are formed by the noncovalent polymerization of a single
protein with the polypeptide chains aligned in the cross-�-con-
figuration. Amyloid is also generally relatively resistant to dena-
turation and proteolysis and shows yellow-green birefringence
on binding Congo red and intense fluorescence on binding
thioflavin T. However, these dyes are imperfect reporters, and
they are not necessarily specific to a single type of amyloid
structure (6). Several algorithms have been developed to pre-
dict amyloid propensity based on general sequence character-
istics, such as hydrophilic residues, intrinsic disorder, and lack
of charge (for example, see Ref. 7).
The “functional amyloid” concept is based on the discovery

of several proteins that natively form filamentous aggregates
with many of the biophysical qualities of amyloid (Table 1).
How functional amyloid may be similar to or different from
pathological amyloid is becoming clearer as more is learned
about amyloid structure. Several very different amyloid folds
have been demonstrated, as outlined below.

Challenges of Structure Elucidation

Determining high-resolution structural information for
amyloid has been historically challenging. The standard meth-
ods of transmission electron microscopy (TEM)2 and atomic
force microscopy have been instrumental in its gross structural
characterization, but they do not provide atomic level informa-
tion. Amyloid is inherently noncrystal-forming, which pre-
cludes it from structural elucidation by x-ray crystallography.
Also, because of the large size and particulate nature, it is not
amenable to solution NMR spectroscopy. Although solution
NMR and hydrogen-deuterium exchange can be used in char-
acterizing such proteins in their soluble state and in defining
amyloid-forming regions of proteins, they are limited in
their ability to provide atomic level details of proteins in the
large aggregated state. For these reasons, high-resolution
details of amyloid structures have greatly lagged behind other
large biological complexes, but during the past decade, ad-
vances in several techniques have begun to define some of their
atomic level details.
Traditional TEM has served particularly well in the identifi-

cation of amyloid polymorphisms, in which different structural
elements are propagated along the length of the fibril, resulting
in different fibril morphologies, such as ribbons or twists. Such
morphological heterogeneity is a common characteristic of
amyloid and is an indication of atomic level structural hetero-
geneity (8). EM can also be used tomeasure themass per length

* This minireview will be reprinted in the 2011 Minireview Compendium,
which will be available in January, 2012.

1 Towhomcorrespondenceshouldbeaddressed.E-mail: fshewmaker@usuhs.
mil.

2 The abbreviations used are: TEM, transmission electron microscopy; A�,
amyloid-� peptide; ssNMR, solid-state NMR.
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of fibrils, which gives the number of protein monomers (or
fraction of a monomer) that compose a unit length of the fibril,
determining important constraints for model building. This
method, employed most effectively using a scanning transmis-
sion electron microscope (9), can differentiate between cate-
gorically distinct fibrillar structures based on their packing den-
sities. A more accessible method using standard TEM has also
been developed (10).
Although amyloid fibrils cannot be crystallized, rational

approaches using x-ray crystallography have contributed to
understanding amyloid structure, particularly with respect to
how amino acid side chains and their corresponding �-sheets
may pack into fibril cores. Short amyloidogenic segments can
form crystals that presumably possess qualities of amyloid
structures, which are themselves like one-dimensional crystals.
The Eisenberg laboratory determined the atomic architecture
of several short peptides (4–10 residues) derived from amyloid
proteins, such as Sup35, insulin, amyloid-� peptide (A�), Tau,
amylin, and prion protein, which they were able to grow as
three-dimensional microcrystals (11–13). The structures of
thesemicrocrystals all revealed�-sheets with an interlocking of
self-complementary surfaces of adjacent �-sheets, a structure
termed “steric zipper” (11–13). It is proposed that the presence
of short sequences with self-complementary side chains is a
determinant of amyloid formation.
Some of themost informative amyloid structure information

has resulted from developments in techniques of solid-state
NMR (ssNMR) and EPR spectroscopy, which can yield atomic
spacing information on full-length proteins in the amyloid
state. For ssNMR, uniformly 13C,15N-labeled samples offer the
most possible information, but microheterogeneity of amyloid
structure in even the best samples and the lower resolution of
ssNMR compared with solution NMR often result in spectra
that are too crowded to assign signals to specific nuclei. Specif-
ically labeling selected atomsmitigates this problem, but unless
the protein is small enough to be synthesized, one is limited to
labeling in Escherichia coli using isotopically labeled amino
acids in the growth medium. Despite these limitations, ssNMR
has produced enough atomic distance constraints in a few cases
to build complete high-resolution atomic structures (14–16).

Because of such advances, it has become clear that although all
amyloids share certain biophysical characteristics, they can be
based on very different atomic level structure.

Amyloid Structure

Dozens of amyloid-forming peptides and proteins have been
at least partially structurally characterized (Table 2). The struc-
tural information indicates that different proteins polymerize
into filamentous structures that are rather broadly considered
amyloid but based on structurally different arrangements. In
some cases, there is the stacking of peptide strands in parallel
and antiparallel sheets. In these cases, each contributing poly-
peptide is part of the greater fold of the fibril but does not
necessarily compose a stably folded subunit in itself. In other
cases, each subunit stacks to form the fibril, but the subunits are
themselves in conformations that are recognizable as distinct
protein folds. Both functional and pathological amyloids can be
based on either arrangement, but functional amyloids may
more frequently employ the stacking of folded subunits.
Parallel In-register �-Sheets—Parallel in-register �-sheet

structure is the most common underlying architecture
observed for pathological amyloid (Fig. 1,A andE). These fibrils
are composed of stacked polypeptide strands that lie perpen-
dicular to the fibril axis and form backbone hydrogen bonds
with the adjacent strands aligned in-register and parallel. Each
residue thus forms an aligned row along the long axis of the
fibrils. As a result, the main chain hydrogen bonds are parallel
with the long axis, and the �-sheets run the length of the fibril
(Fig. 1E).
EPR is well established in determining parallel in-register

amyloid structure (17). The general approach is to introduce a
single unpaired electron spin label at a naturally occurring or
introduced cysteine residue in the protein (18). Distances
between spin labels can yield information about the config-
uration of the polypeptides. The neuronal aggregation of the
protein �-synuclein is associated with neurodegenerative
disorders like Parkinson disease. Amyloid fibrils of recombi-
nant �-synuclein were shown by EPR to be based on parallel
in-register architecture (19). �2-Microglobulin is a 99-amino
acid protein found in amyloid deposits in the joints of

TABLE 1
Examples of proposed functional amyloid and amyloid-like proteins

Protein Organism Amyloid function/characteristics

Chaplins S. coelicolor Spore surface protein (66)
Chorion proteins Antheraea polyphemus (silk moth) Family of proteins that compose egg shell chorion; protective

function (80)
Curli E. coli Adhesion to surfaces; biofilm component (54)
FapC Pseudomonas fluorescens Biofilm component (81)
Hydrophobins Neurospora crassa Form amphipathic surface layer (67, 68)
HpaG Xanthomonas Plant pathogen virulence factor (39)
HET-s P. anserina HET-s prion amyloid is determinant of hyphal fusion (82)
Fungal adhesins Candida albicans, Saccharomyces cerevisiae Cell adhesion (83, 84)
Microcin E492 (Mcc) Klebsiella pneumoniae Amyloid formation is proposed to regulate Mcc toxicity (85)
MSP2 Plasmodium falciparum MSP2 (merozoite surface protein 2) has been implicated in

erythrocyte invasion (86)
Nsp1 S. cerevisiae FG repeat forms amyloid-like associations to control

nucleocytoplasmic mixing at nuclear pore (87)
Peptide hormones Homo sapiens Protein hormones in secretory granules are stored in an

amyloid-like conformation, which enables controlled
release of monomeric functional hormone (88)

Pmel17 H. sapiens Facilitates melanin synthesis (89)
TasA Bacillus subtilis Biofilm component (90)
Type I antifreeze protein (AFP) Pseudopleuronectes americanus May play role in ice inhibition (91)
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patients undergoing long-term hemodialysis. Like �-sy-
nuclein, spin-labeled recombinant protein in the amyloid
form was determined by EPR to be based on the stacking of
polypeptides in parallel in-register �-sheets (20). The spin
labels were distributed throughout �2-microglobulin, indi-

cating that most of the protein is involved in the stacking.
This is consistent with the findings of Iwata et al. (21), who
used a combination of ssNMR and other methods to con-
clude that a peptide of �2-microglobulin formed the same
type of structure.

TABLE 2
Examples of structurally characterized amyloid-forming proteins
aa, amino acids.

Protein/peptide Pathology/function linked to amyloid Structural information

�-Synuclein (aa 1–140) Parkinson disease Five �-strands within fibril core comprising residues
35–96 (92); parallel in-register �-sheet core region
from residues 36–98 (19)

A�1–40 Alzheimer disease Parallel in-register �-sheet (16); two fibril
morphologies (twisted and striated ribbons) with
2- and 3-fold symmetry; both are parallel �-sheets,
using almost same �-strand segments (8, 24)

A�1–40 seeded with diseased brain Alzheimer disease Parallel in-register �-sheet (75)
A�1–40(D23N) Familial Alzheimer disease Two species: antiparallel (major) and parallel

in-register (minor) �-sheets (51)
A�1–42 Alzheimer disease Parallel in-register �-sheet (93); molecules form steric

zipper (94)
Amylin (aa 1–37) Type 2 diabetes Four layers of parallel �-sheets (25)
�2-Microglobulin (aa 1–99) Dialysis-related amyloidosis Parallel in-register �-sheet (20); fibril core comprising

60–70 residues (95)
Curli (CsgA and CsgB) Proteins secreted by E. coli; biofilm formation,

surface colonization
Not parallel in-register, likely �-helix (55)

HET-s (aa 218–289) Regulation of heterokaryon formation in
P. anserina

Left-handed �-helix structure (14)

Htau40 Tauopathies Parallel in-register �-sheet (96, 97)
Rnq1 (aa 153–405) Prion of S. cerevisiae; increased frequency of

generation of �URE3� and �PSI�� prions
Parallel in-register �-sheet (36)

Sup35 (aa 1–253) Prion of S. cerevisiae; reduction in fidelity of
translation termination

Parallel in-register �-sheet (35); multiple variants
employ same basic architecture (34)

Ure2 (aa 1–89) Prion of S. cerevisiae; inappropriate
derepression of nitrogen catabolism genes

Parallel in-register �-sheet (98)

FIGURE 1. Filamentous aggregates can be composed of various arrangements of their constituent proteins. Very different structures are proposed for
various amyloids. A, parallel in-register �-sheet structures are composed of individual polypeptides stacking in-register every �4.7 Å along the fibril axis
(common to many full-length proteins in pathological amyloids). B, antiparallel �-sheet structures are also composed of polypeptides stacking every �4.7 Å,
but �-strands alternately run in opposite directions (observed primarily in amyloids composed of short polypeptide sequences). C, �-helices are composed of
a single polypeptide wrapping around an axis, forming intramolecular parallel �-sheets (likely the structural basis of two functional amyloids). D, some
�-sheet-rich proteins can linearly assemble into filamentous structures by other mechanisms, including domain swapping. E, amyloids composed of parallel
in-register �-strands form continuous �-sheets that run the length of the fiber. The dimensions and packing densities of such amyloids suggest that the fibrils
are composed of sheets folded upon themselves, as has been shown with A� (16). Complementary side chains may form steric zippers that stabilize the
interlocking sheets. In the case of yeast prion amyloids, multiple and different sheet folds may underlie the variant phenomenon.
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The best characterized pathological amyloid structure is that
of A�, which accumulates in brains of patients suffering from
Alzheimer disease (reviewed Ref. 22). A�1–40, A�1–42, and
shorter fragments have been studied by ssNMR. The relatively
small size of A� facilitates structure elucidation because the
full-length peptide can be synthesized with the insertion of iso-
topic labels at specific sites. Like many amyloid proteins, A�
can form morphologically distinct fibrils, but the underlying
structural basis of A� fibrils is relatively constant: peptides
stacked in-register forming parallel�-sheets (Fig. 2A) (8, 16, 23,
24). The ssNMR data with mass-per-length measurements

indicate that morphologically different fibrils can result from
different numbers of peptides forming each �5-Å layer along
the fibril axis. Similar structuralmodels have been proposed for
amylin (type 2 diabetes) and human prion protein (25, 26).
Prions are infectious proteins that propagate information

within the structure of the proteins themselves, as opposed to
within nucleic acid.With some exceptions (27), most yeast pri-
ons are based on infectious amyloid. The following yeast pro-
teins have been shown to be capable of being amyloid-based
prions in yeast: Sup35, Ure2, Rnq1, Swi1, and Mot3 (28–32).
The part of each protein responsible for the prion properties
(the prion domain) is a large segment rich in hydrophilic amino
acids like glutamine and asparagine and poor in charged and
hydrophobic amino acids. These regions are presumably
natively disordered but capable of aggregating into self-propa-
gating amyloid that is the basis of the respective prion. The
prion domains of Ure2, Sup35, and Rnq1 have each been char-
acterized by ssNMR to determine the underlying architecture
of their infectious form (33–36). Such experiments employed
recoupling methods like PITHIRDS-CT (37), in which the rate
of signal decay from selectively labeled nuclei is inversely pro-
portional to the cube of the distance to the next nearest labeled
nucleus. The prion domains were labeled at specific residues,
and it was determined that, in each case, the nearest labeled
neighbor was �5 Å distant, essentially the 4.7-Å distance
between strands of a�-sheet. That this nearest neighborwas on
a different molecule was confirmed by diluting labeled mole-
cules with �4-fold unlabeled molecules, showing that the rate
of signal decay was dramatically diminished. These results can
be explained only by a parallel in-register �-sheet architecture.
Mass-per-length measurements of infectious amyloid of vari-
ous Sup35 and Ure2 constructs show one monomer per 4.7 Å
(33, 38), the value predicted for a parallel in-register structure.
Based on the similarities among the known yeast prions, it is
likely that this is their common structural mechanism.
The parallel in-register architecture places a severe restraint

on the possible amyloid structures, but the diameter of fibrils is
generally smaller than if they formed a single flat �-sheet. The
dimensions suggest that the sheets must be folded along the
long axis of the fibrils (Fig. 1E). The locations of these folds
could differ in different prion amyloid variants (biologically and
structurally different prions that are based on the same prion
protein). Thus far, only prions with parallel in-register struc-
ture display multiple prion variants determined by the same
prion protein. Stacking peptides in-register provides a mecha-
nism by which a single peptide chain can structurally encode
and faithfully propagate any of several different prion variants.
It is proposed that the same interactions between identical side
chains aligned along the long axis of the fibrils that hold the
strands in-register also direct a monomer joining the ends of
the filaments to adopt the same structure as molecules already
in the amyloid fibrils.
Harpins are heat-stable virulence proteins secreted by bacte-

rial plant pathogens and may have a structure similar to that of
yeast prions. HpaG, a harpin ofXanthomonas, forms fibrils that
are indistinguishable from amyloid by EM and has a functional
role during pathogenesis that elicits the plant hypersensitive
response (39). HpaG has a repeat sequence nearly identical to a

FIGURE 2. Structures of pathological and functional amyloids. A, sche-
matic representation of a parallel in-register �-sheet structure of A�1– 40 (99).
The Protein Data Bank file was kindly provided by Rob Tycko. The fibril is
composed of two protofibrils (a single protofibril is shown in the lower half of
A), which are each composed of stacked A�1– 40 peptides in-register with the
preceding and following peptides. B, schematic representation of HET-s
�-helical amyloid (residues 223–283 from Protein Data Bank code 2KJ3) (100).
The monomers alternate between blue and yellow, revealing that each poly-
peptide provides two �-strands that wrap around the long axis of the fiber.
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repeat found in the yeast prion protein Rnq1 and may form a
functional yet toxic amyloid based on the common parallel in-
register stacking of subunits.
Pmel17 forms a functional amyloid formelanin biosynthesis,

promoting melanin deposition and possibly protecting cells
from reactive intermediates produced during melanin biosyn-
thesis (40). It is processed by a series of proteolytic and glyco-
sylation steps and is assembled into a filamentous form in
maturingmelanosomes, the organelle wheremelanin is formed
and stored. A fragment of Pmel17, “the repeat domain” (RPT),
comprising 10 imperfect repeats, is known to be required for
filament formation in vivo (41), is present in the in vivo fila-
ments (42), and forms amyloid in vitro (43). The filaments form
only at the mildly acidic pH (�5) required in melanosomes for
melanin synthesis. The RPTdomain frommouse and zebrafish,
where there is no sequence conservation, also showed selective
amyloid formation at acidic pH (44). Both mouse and zebrafish
RPT domains were shown by ssNMR to form fibrils based on
parallel in-register �-sheet architecture. Moreover, the mouse
RPT fibril mass-per-unit length measurement is consistent
with stacking of whole polypeptides every 4.7 Å.
Antiparallel �-Sheets—Many small peptides that form amy-

loid fibrils, including fragments of A�, arrange in antiparallel
�-sheets (Fig. 1B), which is also the most common �-sheet
arrangement in globular proteins. Both A�16–22 and A�11–25
were shownby ssNMR to form amyloid based on an antiparallel
alignment of the peptides (45, 46). The same was shown for
A�34–42, whoseC terminus formed an antiparallel�-sheet (47).
Likewise, a 10-residue fragment of amylin, a peptide linked to
complications of type 2 diabetes, was found by ssNMR to
arrange in antiparallel �-sheets (48). For polyglutamine, often
associated with Huntington disease, antiparallel stacking was
proposed based on x-ray diffraction data (49), although several
other structures have been suggested (reviewed in Ref. 50).
Antiparallel conformations may be overrepresented in the

literature because small peptide segments are frequently used
in structural studies as a simpler alternative to full-length pro-
teins, especially in cases in which specific isotopic labels are
desired and peptide synthesis methods put limits on the possi-
ble length of the polypeptide, and yet arguably no full-length
amyloid proteins have been observed to preferentially form
antiparallel �-sheet structures. A sole exception may be a
mutant form of A�1–40, associated with early onset familial
Alzheimer disease, that was found to form fibrils with antipar-
allel strands (51).

�-Solenoids/�-Helices—The strands in a �-helix (or sole-
noid) align to form parallel �-sheets, but the strands wrap
around an axis in a helical arrangement, and unlike parallel
in-register�-sheets, parallel strands in helices have intramolec-
ular backbone hydrogen bonds. The infectious amyloid of the
HET-s prion protein of Podospora anserina yielded good-qual-
ityNMRdata (52), enabling the elucidation of a high-resolution
structure (14). Within this �-helix amyloid, each HET-s mon-
omer makes two helical turns around the filament axis, and the
strands form parallel �-sheets (Figs. 1C and 2B). Recently, a
HET-s homolog showing only 38% sequence identity to HET-s
was found to be able to cross-seed fibril formation (53). This
may indicate the importance of three-dimensional structure

and not protein sequence, which would make it distinct from
in-register stacking of other amyloids.
Curli are extracellular fibrous structures formed by some

enterobacteria. They represent a category of adhesin proteins
that facilitate the binding to surfaces and the formation of bio-
films. The curli of E. coli are essentially filamentous homopoly-
mers composedmostly of theCsgAprotein. A�-helix structure
of the CsgA monomer was proposed based on sequence align-
ment (54). SsNMR experiments with isotopically labeled CsgA
ruled out a parallel in-register structure for CsgA amyloid (55).
Moreover, mass-per-length measurements indicated a packing
density that would be consistent with a �-helix structure.
Other�-Folds andDomain Swapping—Some aggregates that

have been described as amyloid may be composed of proteins
that remain largely in their native fold. Slight misfolding or
structural rearrangement may potentiate a linear aggregation
phenomenon. Such aggregation as the result of linear domain
swapping between globular proteins has been proposed (56,
57). The polymerization of some serpin proteins, a structural
class of proteins first identified as inhibitors of proteases, is
associated with a family of diseases known as serpinopathies
(58). X-ray crystallographic studies of a stable serpin dimer sug-
gested that the �-sheet-rich serpins can form aberrant fibrillar
structures through a domain-swapping mechanism in which a
�-hairpin from each protomer is inserted into a �-sheet in the
next protomer (59). Such polymers are superficially similar to
amyloid, as they are disease-associated, fibrillar, and rich in
�-sheet structure. Several other proteins have been proposed to
polymerize through domain swapping (Fig. 1D). Human cysta-
tin C, which is found in some types of amyloid deposits, was
suggested to aggregate via a domain-swapping mechanism (60,
61). Also, the immunoglobulin-binding domain B1 of strepto-
coccal protein G (GB1) forms fibrils through domain swapping
(62).
The formation of extracellular amyloid composed of the pro-

tein transthyretin is linked to familial amyloid polyneuropathy
and senile systemic amyloidosis. EPR and NMR studies suggest
that transthyretin remains relatively folded in the amyloid con-
formation but undergoes structural rearrangements that
permit the stacking of �-strands to form filaments (63, 64).
Likewise, the superoxide dismutase SOD1, implicated in amyo-
trophic lateral sclerosis, forms �-sheet-rich filamentous aggre-
gates through a structural rearrangement that enables subunit
stacking (65).
Recently, spores of some bacteria and fungi have been pro-

posed to have functional amyloid on their surfaces. The fila-
mentous bacterium Streptomyces coelicolor produces aerial
hyphae for spore dispersion. The spores possess surface pro-
teins known as chaplins, which form amyloid-like fibrils (66). In
some fungi, hydrophobin proteins form amphipathicmonolay-
ers on the surfaces of aerial hyphae and spores. Hydrophobins
are cysteine-rich and self-aggregate into small filamentous
structures termed rodlets, which have been characterized as
amyloid-like because of their dimensions and dye-binding
characteristics (67, 68). Like many amyloid-forming proteins,
hydrophobins are largely disordered when in the soluble state
(67). Multidimensional NMR spectroscopy was used to pro-
duce a solution structure of the class I hydrophobin EAS (69).
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EAS assumes a �-barrel conformation in solution, and it was
proposed that the �-barrels stack to form the filamentous rod-
let structures.
Non-amyloid Protein Polymers—As new examples of amy-

loid (both pathological and functional) continue to accumulate,
it may become increasingly necessary to draw distinction with
what is not amyloid. Many non-amyloid filamentous assem-
blies of proteins are well characterized and typically involve the
linear assembly of folded globular proteins. Cytoskeletal pro-
teins, such as actin and tubulin, assemble into filamentous
structures, as do structural proteins, such as keratin. Also, there
are many bacterial adhesin proteins that are assembled into
extracellular filamentous structures (fimbriae or pili) that are
structurally different from amyloid-based adhesins like curli
(discussed above). In many cases, these fimbrial structures are
composed of proteins with immunoglobulin-like structures
that polymerize through donor strand exchange (70), i.e. each
subunit donates a �-strand to complete a sheet in the next sub-
unit (Fig. 1D). Such fimbrial assemblies are filamentous and
could even have cross-�-structure if the �-strands consistently
tended to align perpendicular to the fiber axis, but fimbriae are
not described as being amyloid.

Amyloid Intermediate and Oligomeric Structures

The accumulation of protein into an aggregate may produce
either a loss or gain of function (if the amyloid has some func-
tional or toxic activity) or even some combination of both. In
the case of pathological amyloids, the nature of the actual toxic
species is not well understood. There is evidence that distinct
toxic oligomeric and annular intermediates may exist on the
pathway to amyloid formation (71, 72). It has been observed
that soluble oligomers of A� correlate better with disease cau-
sation than the insoluble fibrillar deposits that are present in
amyloid plaques, suggesting that oligomeric forms are the toxic
species (73). In such cases, the further conversion to amyloid
from toxic oligomer could be considered protective. Because
little structural information is available, classifying these oligo-
meric species has been challenging. However, even off-pathway
oligomers could masquerade as intermediates if their forma-
tion is reversible, whereas that of the amyloid is more stable.
Any pathology or biochemistry that is due to the ends of fila-
ments would be preferentially produced by shorter filaments
(even if they have the same basic structure as longer ones).
Successive halving of filaments would result in an exponential
increase in filament ends, which could explain themuch greater
toxicity observed for oligomeric species if they are simply the
smallest filament units. If toxic oligomeric structures are a com-
mon feature of amyloids, functional amyloids would likely
require mechanisms to protect cells from their toxicity. Also,
because different amyloids are based on very different struc-
tures, it is unlikely that each would transition through a similar
toxic intermediate.

Functional Versus Pathological Amyloid Structure

The amyloids that are the consequence of misfolding gener-
ally appear to be in a low-energy conformation accessible to
many polypeptides of very different amino acid sequence and
composition. Parallel in-register �-sheet amyloids may repre-

sent a common low-energy conformation. Conceivably, many
proteins could achieve such a conformation, which may ulti-
mately be more common among pathological amyloids. How-
ever, the RPT domain of the functional amyloid Pmel17 adopts
this conformation, so theremay be cases inwhich this structure
is employed to serve a function. Filamentous structures that
result from the linearly assembled folded proteins might be
different in this regard because, although theymayhave a cross-
�-configuration as determined by diffraction, they do not nec-
essarily represent a common low-energy structure achievable
by divergent polypeptides. The amyloid form of HET-s has an
ascribed function, and according to Greenwald and Riek (74),
“HET-s has evolved to fold into a cross-�-motif and therefore
may be more complex than the disease-related amyloids for
which the cross-�-structure is an unfortunate energyminimum
on the folding landscape.” The same could be said of CsgA
monomers within the curli amyloid, which also has a defined
function and is likely based on a�-helical structure. Perhaps the
�-helix will prove to be common among functional amyloids;
because each subunit is folded, it may avoid issues of “variants”
and “strains” that are observed for other amyloids and prions.
�-Helices or immunoglobulin folds are most certainly not low-
energy conformations common to all members of the diverse
family of amyloid proteins. Thus, amyloid is rather loosely
defined, including proteins with very different structural folds
composing the body of a fibril.
These structures may inform us about their biology. Fibrils

composed of parallel in-register �-sheets provide a ready tem-
plate for polypeptides of the same sequence. This suggests a
mechanism of inheritance, which can explain the infectious
behavior of yeast prions and their tendency to form multiple
variants. This also provides a mechanism for pathological amy-
loids to propagate in tissue and suggests that non-prion amy-
loid diseases may also have variants, which was recently dem-
onstrated with extracts from Alzheimer patients seeding
distinct A� variants in vitro (75).

What Is Amyloid?

There has been a surge in newly proposed functional amy-
loids, although the list of pathological amyloids also continues
to grow. Recently, amyloid adhesins have been proposed to be
abundant in natural biofilms produced by a variety of organ-
isms (76, 77). Moreover, bacterial inclusion bodies have been
proposed to be composed of amyloid (78), and also there have
been amyloid-like inclusions observed in plant chloroplasts
(79). Asmore amyloids and their structures are characterized, it
is likely that the concept of amyloid will continue to evolve.

Acknowledgment—We thank Rob Tycko for providing coordinates for
a ssNMR A�1–40 structure.
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Introduction to the Thematic Minireview Series on Epigenetics*
Published, JBC Papers in Press, March 24, 2011, DOI 10.1074/jbc.R111.243527

Joel M. Gottesfeld1

From the Department of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037

The past decade has witnessed rapid advances in our under-
standing of the biochemistry of “epigenetics,” as exemplified by
the articles in this minireview series. Epigenetics is usually
defined as the study of inherited changes in the phenotype of an
organism or cell caused by changes in gene expression that do
not result from changes in the underlying DNA sequence. Epi-
genetic modifications of DNA and chromatin are essential for
development of an adult organism from a fertilized egg. Each
cell type in an organism expresses a distinct set of genes, but,
with minor exceptions, all cells have the same DNA or genes. A
fertilized egg, or zygote, changes into the numerous cell types of
an organism, i.e. neurons, muscle, blood cells, etc., by activating
some genes and inactivating others. Similarly, the cells within
an organism respond to various stimuli by the programmed
expression or repression of classes of genes.
Two major mechanisms are responsible for epigenetic regu-

lation of gene expression, namely modifications to DNA, such
as methylation of the 5-position of cytosines at particular sites
in the genome, and post-synthetic modifications of the histone
proteins, both at gene control regions (promoters and enhanc-
ers) andwithin the coding regions of genes.DNAmethylation is
usually a mark of gene repression, whereas histone post-syn-
thetic modifications can be associated with either active gene
expression or repression, depending upon the amino acid resi-
dues that aremodified in each of the histone proteins. Emerging
evidence also points to a role for small noncoding RNAs in
epigenetic gene regulatory mechanisms.
In our first minireview, Zhao-xia Chen and Arthur D. Riggs

describe recent advances in our understanding of the mecha-
nisms responsible for DNA methylation and demethylation in
mammals. DNA methylation patterns are established during
early development for each of the cell types in an embryo. To
understand just how DNAmethylation affects tissue/cell type-
specific gene expression, it is essential to understand the
mechanisms that are responsible for establishing methylation
of particular cytosine residues in genomic DNA and how dem-
ethylation can be achieved for gene activation. Although the
enzymes responsible for both de novo DNA methylation and
maintenance of methylation patterns during cell divisions are
very well characterized, how these activities function in the
context of cellular chromatin is less understood. The links
between DNA methyltransferases and chromatin-associated
proteins and post-synthetic modifications are discussed in this
minireview. Likewise, the enzymes responsible for demethyl-

ation and regulation of demethylation also remain to be fully
explored. Chen and Riggs address these important questions
and provide evidence for the role of base excision repair in germ
cells and early embryos as a mechanism for genome-wide dem-
ethylation and the possible role of nucleotide excision repair in
DNA demethylation. With the recent discovery of a new mod-
ified base, 5-hydroxymethylcytosine, the role of this base in
DNA demethylation is also discussed.
The question of howDNAmethylation states and chromatin

post-synthetic modifications are maintained during the cell
cycle, as cells duplicate their DNA and divide into daughter
cells, is an important issue for understanding inheritance of the
differentiated state between cell generations. Sayyed K. Zaidi,
Daniel W. Young, Martin Montecino, Andre J. van Wijnen,
Janet L. Stein, Jane B. Lian, and Gary S. Stein address these
mechanistic questions in their minireview entitled “Bookmark-
ing the Genome: Maintenance of Epigenetic Information.”
They also address the role of small noncoding RNA molecules
in inheritable epigenetic regulation.One example of an involve-
ment of a small RNA in epigenetics is the Xist RNA involved in
X chromosome inactivation in mammals. Last, the role of epi-
genetics in cancer is also discussed in this minireview because
many new therapeutic approaches for cancer target the epige-
netic state of cancer cells with either DNA methyltransferase
inhibitors or histone deacetylase inhibitors.
There are numerous histone post-translational modifications

(PTMs)2 found in eukaryotic cells, including acetylation, methyl-
ation,phosphorylation, andevensmall peptidemodificationof the
histone proteins by ubiquitinylation and sumoylation. These chro-
matin “marks” occur at various amino acid residues of each of the
four core histones that form the octamer core of the nucleosome.
These marks form a combinatorial code, known as the “histone
code” (1), that serves to specify the activity state of the underlying
DNA sequence, i.e. whether a gene is recognized in its active or
inactive state. The enzymes responsible for writing the histone
code are the histone acetyltransferases, histone methyltrans-
ferases, etc., and they formwell characterized families of enzymes.
The “readers” of the histone code, the proteins that contain bind-
ing modules that interact with the modified histones, can recog-
nize either singly or multiply modified states. The minireview by
Zhanxin Wang and Dinshaw J. Patel, entitled “Combinatorial
Readout of Dual Histone Modifications by Paired Chromatin-as-
sociated Modules,” discusses the mechanisms for recognition of
the various histone modification states and the downstream
effects of the chromatin readers on transcription states.Wang and
Patel review the large body of structural information that is now
available to understand the mechanisms whereby the histone* The last article in this thematic minireview series will be published in a later

issue. This minireview will be reprinted in the 2011 Minireview Compen-
dium, which will be available in January, 2012.

1 To whom correspondence should be addressed. E-mail: jgottesfeld@
asbmb.org. 2 The abbreviation used is: PTM, post-translational modification.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 21, pp. 18345–18346, May 27, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

MAY 27, 2011 • VOLUME 286 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 18345

MINIREVIEW PROLOGUE This paper is available online at www.jbc.org



PTMs are “translated” by the chromatin readers into biological
outcomes.
Histone PTMs also direct the recruitment of other chroma-

tin-associated proteins and enzymes that serve to regulate gene
expression. These include chromatin “remodelers,” enzymes
that can change either the conformation of nucleosomes or
their position relative to the underlying DNA sequence, and
histone “chaperones,” proteins that directly bind histones and
function during transcription. One member of the histone
chaperone family is a two-subunit complex known as FACT
(facilitates chromatin transcription). FACT is a histone chap-
erone critical for nucleosome reorganization during replica-
tion, transcription, and DNA repair. Duane D. Winkler and
Karolin Luger review the structural and biophysical basis for
FACT-mediated nucleosome reorganization in their minire-
view entitled “The Histone Chaperone FACT: Structural
Insights and Mechanisms for Nucleosome Reorganization.”
They discuss recent models for FACT function and how FACT
allows the passage of RNA polymerase through nucleosome-
bound DNA.
In the last minireview of the series (to be published in a later

issue), Xizhe Zhang and John Rossi consider “RNAi and Tran-

scriptional Gene Silencing and Activation.” The RNAi pathway
in post-transcriptional gene regulation is very well established;
however, recent studies have implicated small noncoding
RNAs in both positive and negative aspects of gene regulation
at the level of transcription initiation and elongation. Both anti-
sense and promoter-proximal RNAs have been identified, and
these RNAs have been shown to recruit chromatin-modifying
enzymes, including histone deacetylases, to regulate gene
expression. This minireview links these small RNAs to epige-
netic regulation.
Although the Journal of Biological Chemistry recognizes

that these minireviews provide only a limited snapshot of the
field of epigenetics, the topics were chosen to highlight
recent successes in our understanding of the mechanisms
involved in establishing and maintaining patterns of DNA
methylation and the histone PTMs and the function of the
histone code in gene regulation and cellular development.
We are confident that future advances in the field will be
highlighted in other minireviews and published in research
articles in the Journal.
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Cell type-specific DNA methylation patterns are established
during mammalian development and maintained in adult
somatic cells. Understanding how these patterns of 5-methylcy-
tosine are established and maintained requires the elucidation
of mechanisms for both DNA methylation and demethylation.
The enzymes involved in the de novo methylation of DNA and
the maintenance of the resulting methylation patterns have
been fairly well characterized. However, important remaining
challenges are to understand how DNA methylation systems
function in vivo and in the context of chromatin. In addition, the
enzymes and mechanisms for demethylation remain to be elu-
cidated. There is still no consensus as to how active enzymatic
demethylation is achieved in mammalian cells, but recent stud-
ies implicate base excision repair for genome-wide DNA de-
methylation in germ cells and early embryos.

5-Methylcytosine (5mC)2 in the DNA of mammalian so-
matic cells is found almost entirely within CpG dinucleotides
(1). Approximately 70–80% of cytosine in CpG dyads is meth-
ylated on both strands in human somatic cells. In general, CpG
methylation is highly prevalent in repetitive sequences and in
gene bodies but rare at CpG islands within housekeeping pro-
moters. Recent data have established that, opposite of expecta-
tion based on earlymodels (2, 3), themethylation of gene bodies
is positively correlated with transcription (4–6). On the other
hand, themethylation of promoters and enhancers is consistent
with expectation. For these elements, almost all experimental
data support the concept that DNA methylation functions to
stabilize or lock in the silent state (7). DNA methylation is also
involved in several other fundamental processes, such as
genomic imprinting, X chromosome inactivation, and suppres-
sion of retrotransposon elements (1), and is essential for normal
development (8, 9). Consistent with its functional importance,
the patterns of DNA methylation are non-random, well regu-
lated, and tissue-specific (10, 11).
Experimental evidence has confirmed, for the most part, the

maintenance methylase model (2, 3) outlined in Fig. 1. How-

ever, it is now recognized that maintenance methylation is not
perfect, and preservation of methylation patterns requires de
novo methylation (Ref. 12; see Ref. 13 for a recent review).
Although methylation patterns are largely maintained through
somatic cell divisions, changes in methylation patterns occur
during mammalian development and cell differentiation. In
mice, dramatic reprogramming with waves of demethylation
and then remethylation occurs in germ cells and early embryos
(14). After fertilization, most of the paternal genome is rapidly
demethylated before DNA replication begins, indicative of
active enzymatic demethylation (15, 16).On the other hand, the
maternal genome undergoes apparently passive, replication-
dependent demethylation during subsequent cleavage divi-
sions (15). After implantation, a wave of global de novo meth-
ylation re-establishes the DNA methylation patterns that will
be maintained, in large part, in somatic tissues. Genome-wide
demethylation also occurs in primordial germ cells (PGCs)
around embryonic days (E) 11.5–12.5 (14, 17), and then de novo
methylation establishes a gamete-specific methylation pattern,
different for egg and sperm. In addition to these global changes,
gene-specific de novo methylation and demethylation occur
during lineage-specific differentiation, such as during differen-
tiation of hematopoietic progenitors (18).
It is clear that understanding how methylation patterns are

regulated requires elucidating the mechanisms for de novo
DNA methylation and demethylation, as well as mainte-
nancemethylation. A recent article by Jones and Liang (13) is
recommended for a review of maintenance methylation.
Here, we will focus on de novo methylation in the context of
chromatin and on the mechanisms potentially involved in
active demethylation.

DNA Methylation Machinery

The mammalian DNA (cytosine-5) methyltransferases
(DNMTs) that catalyze the transfer of a methyl group from
S-adenosyl-L-methionine to cytosine (19) are shown in Fig. 2.
Among the three enzymatically active DNMTs, DNMT1 is
thought to function as the major maintenance methyltrans-
ferase (Fig. 1). This enzyme has a preference for hemimethyl-
ated CpG sites, such as those generated by DNA replication
(20), and is responsible for copying pre-existing methylation
patterns to the newly synthesized strand (21), probably with the
help of UHRF1, which also recognizes hemimethylated sites
(22, 23). DNMT3A and DNMT3B are de novo methyltrans-
ferases active on unmethylatedDNA (Fig. 1). Both of themhave
no preference for hemimethylated CpG substrates in vitro (24,
25) and are responsible for establishing methylation patterns
during early development (9). De novo methylation by
DNMT3A/3B also contributes to the maintenance of DNA
methylation patterns (26, 27), possibly by methylating CpG
sites missed by DNMT1 (12, 13).
Dnmt3a and Dnmt3b have distinct functions during devel-

opment, as evidenced by the fact that knock-out mice lacking
either of them exhibit different defects and die at different
developmental stages (9). In germ cells, for example, Dnmt3a,

* This is the first article in the Thematic Minireview Series on Epigenetics. This
minireview will be reprinted in the 2011 Minireview Compendium, which
will be available in January, 2012.
Author’s Choice—Final version full access.
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cell; E, embryonic day; DNMT, DNA methyltransferase; PHD, plant home-
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but not Dnmt3b, is essential for de novo methylation of most
imprinted loci (28–30). Establishing methylation at most
imprinted loci also requires Dnmt3L (28, 31, 32), a protein that
was identified on the basis of sequence similarity to the plant
homeodomain (PHD) and catalytic domains of Dnmt3a/3b
(Fig. 2) (33). Although DNMT3L lacks critical methyltrans-
ferase motifs and is catalytically inactive, it can stimulate the
activity of DNMT3A/3B (34, 35). Structural analysis indicated
that the C-terminal domains of Dnmt3a and Dnmt3L form a
tetrameric complex (3L-3a-3a-3L) with two active sites (36),
which preferentiallymethylate twoCpGs separated by 8–10 bp

in vitro (36, 37). CpG periodicities within the 8–10-bp range
have been observed in maternally imprinted loci (36) and in
many other regions of the genome (38, 39), but such periodici-
ties do not fully explain why de novomethylation is targeted to
specific sequences (39). As will be discussed below, interaction
between Dnmt3L and histone H3 tails that are unmethylated at
Lys-4 could have a role in targeting methylation to imprinted
regions.
In addition to Dnmt3L, a number of other factors are in-

volved in de novo methylation at specific genomic regions. It
has been found that the Piwi-interacting small RNA pathway is

FIGURE 1. Overview of mechanisms involved in DNA methylation and demethylation in mammals. A, DNMTs catalyze the covalent addition of a methyl
group to C-5 of cytosine. B, most of the cytosine methylation occurs within CpG dinucleotides, and a distinction can be made between two DNMT activities: de
novo and maintenance methylation. Methylation patterns are established during early development by de novo methyltransferases DNMT3A and DNMT3B and
maintained through somatic cell divisions by maintenance methyltransferase DNMT1, which acts preferentially on the hemimethylated CpG sites generated
by DNA replication. DNA demethylation can be achieved either passively, by the failure of maintenance methylation after DNA replication, or actively, by
replication-independent processes. The enzymes responsible for active demethylation have not been conclusively identified in mammals.

FIGURE 2. Schematic structure of human DNMTs and DNMT3-like protein. Conserved methyltransferase motifs in the catalytic domain are indicated in
Roman numerals. NLS, nuclear localization signal; RFT, replication foci-targeting domain; BAH, bromo-adjacent homology domain; PWWP, a domain containing
a conserved proline-tryptophan-tryptophan-proline motif; PHD, a cysteine-rich region containing an atypical plant homeodomain; aa, amino acids. DNMT3L
lacks the critical methyltransferase motifs and is catalytically inactive.
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essential for de novo methylation of retrotransposons in fetal
male germ cells, although the underlying mechanism is not
clear (40, 41). At the imprintedGnas locus, transcription across
differentially methylated regions is required for the establish-
ment of their maternal methylation marks in oocytes (42).
Moreover, as reviewed below, specific histone modifications
and histone-modifying enzymes have an important role in
establishing DNA methylation patterns in mammals.

De Novo DNA Methylation in the Context of Chromatin

So far, the best studied histone mark linked to DNAmethyl-
ation is the unmethylated histone H3 Lys-4 (H3K4me0).
Genome-wide analyses have revealed a strong inverse correla-
tion between H3K4 methylation and DNA methylation,
suggesting that H3K4 methylation may protect DNA from de
novo methylation (43, 44). Indeed, the PHD-like domain of
DNMT3L interacts with histone H3 tails unmethylated at
Lys-4, and this interaction is abolished by methylation at H3K4
(45, 46). DNMT3L also interacts with DNMT3A (34, 35), and
both are required for establishing methylation at most
imprinted loci in germ cells (30); therefore, it has been pro-
posed that DNMT3L triggers de novo DNA methylation by
recruiting DNMT3A2, a germ cell-specific isoform of
DNMT3A, to nucleosomes that contain unmethylated H3K4
(36, 45). In support of this hypothesis, knock-out of mouse
KDM1B, a histone H3K4 demethylase, results in a significant
increase in H3K4 methylation and failure to establish DNA
methylation at a subset of imprinted genes in oocytes (47).
These findings suggest that demethylation of H3K4 is critical
for de novo DNA methylation of some imprinted regions in
germ cells.
Interestingly, recent biochemical and structural studies

revealed that, even without any accessory proteins, the PHD
domain (also known as ADDdomain) of DNMT3A can directly
interact with H3 tails unmethylated at Lys-4 in vitro (46, 48). In
addition, the PWWPdomain of DNMT3Awas found to specif-
ically interact withH3 tails containing the trimethylated Lys-36
(H3K36me3) in vitro (49). Both interactions increase the activ-
ity of DNMT3A2 on chromatin-boundDNA asmeasured by in
vitro assays (48, 49). Thus, it is likely that DNMT3A recognizes
specific histone modifications and preferentially methylates
associated DNA. Recent genome-wide studies are consistent
with this notion; H3K36me3 is located mainly in the bodies of
active genes (50, 51), and the distribution of thismodification is
positively correlated with DNA methylation (50, 52). In addi-
tion to H3K4me0 and H3K36me3, histone H4 tails containing
symmetrically dimethylated Arg-3 (H4R3me2s) have been
reported to interact with the PHD domain of DNMT3A, and
this interaction is required for DNAmethylation at the human
�-globin promoter (53). However, the DNMT3A-H4R3me2s
interaction could not be detected in two recent studies (46, 48);
hence, further research is needed to clarify this discrepancy.
Although the in vivo roles of these direct interactions between
DNMT3A and histone tails remain to be determined, they raise
the interesting possibility that DNMT3 methyltransferases
themselves can “read” specific histone codes. These histone
modifications, many of which may change rapidly, might thus

be translated into more long-term stable DNA methylation
patterns.
In Neurospora crassa, histone H3 Lys-9 trimethylation

(H3K9me3) is required for DNAmethylation (54). H3K9me3 is
recognized by HP1 (heterochromatin protein 1), which directs
DNA methylation by recruiting the DIM-2 DNA methyltrans-
ferase. In mammals, histone H3K9 methyltransferases, such as
G9a and Suv39h, have been implicated in the regulation of
DNA methylation, but the mechanism of this process appears
to be somewhat different from that inN. crassa. Mouse embry-
onic stem (ES) cells lackingG9a show a significant reduction of
DNA methylation at G9a target promoters, retrotransposons,
and major satellite repeats (55, 56). Knock-out of G9a also
impairs de novo DNA methylation of a set of embryonic genes
during ES cell differentiation (57). Surprisingly, however, DNA
methylation appears normal in G9a�/� cells expressing a G9a
mutant that is defective in themethylation of H3K9, suggesting
that H3K9 methylation per se is not required for DNAmethyl-
ation (55–57). G9a interacts with Dnmt3a and Dnmt3b, and it
has therefore been proposed that G9a mediates de novo
methylation by directly recruiting Dnmt3 methyltransferases
to the promoters (57). In addition, double knock-out of hetero-
chromatin-associated H3K9 methyltransferases Suv39h1 and
Suv39h2 results in loss of methylation at pericentric major sat-
ellite repeats inmouse ES cells (58). How Suv39h1 and Suv39h2
contribute to DNA methylation is not clear, although correla-
tive evidence suggests that the in vivo targeting of Dnmt3b to
pericentric regions may depend on Suv39h-mediated H3K9
trimethylation (58). Given that SUV39H1 interacts with
DNMTs (59), it is possible that, similar to G9a, DNA methyla-
tion can be mediated by SUV39H1 itself. The samemay also be
true for histone H3 Lys-27 (H3K27) methyltransferase EZH2,
which interacts with DNMTs and facilitates their binding to
EZH2 target promoters (60). It thus seems likely that recruit-
ment of DNMTs by histone methyltransferases may represent
one mechanism for targeting DNA methylation to specific
genomic regions.
In somatic cells, a strong interaction of nucleosomes with

DNMT3A/3B has been observed, but this interaction did not
involve binding of DNMT3A/3B to histone H3 and did not
require the presence of several known DNMT3A/3B-interact-
ing chromatin proteins, such as EZH2 and HP1� (61). It
remains to be determined how this interaction occurs, although
it was shown to require an intact nucleosomal structure (61).
Interestingly, DNMT3A/3B preferentially bound to nucleo-
somes associated with highly methylated genomic regions,
including the methylated CpG islands and repetitive DNA ele-
ments (61). This suggests that de novo methylation in somatic
cells is restricted mainly to methylated genomic regions, which
is consistent with the proposed role of DNMT3A/3B in restor-
ing methylation at CpG sites missed by DNMT1 during repli-
cation (12, 13).

Mechanisms of Active DNA Demethylation

DNAdemethylation can be achieved either passively, by sim-
ply not methylating the new DNA strand after replication, or
actively, by a replication-independent process (Fig. 1B). Passive
demethylation probably occurs during mammalian develop-
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ment, e.g. in the maternal genome during pre-implantation
growth (15), and it has long been known that inhibition of
DNMT1 results in hypomethylated DNA (62). In this minire-
view, we will focus on active enzymatic demethylation. Consid-
erable evidence supports the existence of genome-wide active
demethylation in zygotes (15, 16) and PGCs (14, 17) and locus-
specific active demethylation in somatic cells, such as neurons
(63) and T lymphocytes (64). However, the mechanism(s) of
active demethylation remain poorly understood. A number of
mechanisms for the enzymatic removal of the 5-methyl group
of 5mC, the 5mC base, or the 5mC nucleotide have been pro-
posed (three are shown in Fig. 3), but, so far, none of them have
been conclusively proven. Most early work is controversial and
has been reviewed by Ooi and Bestor (65). There is likely to be
more than one mechanism. For example, global demethylation
may involve mechanisms different from those involved in
locus-specific demethylation. Also, the recent discovery of a
newmodified base, 5-hydroxymethylcytosine (5hmC), inmam-
malian DNA is likely to have important implications for the
mechanisms of active demethylation and open new avenues of
research. We will next review several possible mechanisms for
active demethylation, with emphasis on recent findings.

Only in plants is there firm evidence for the direct removal of
the 5mC base, and this is accomplished by a 5mC-specific gly-
cosylase (reviewed in Ref. 66). In Arabidopsis, a family of four
5mC DNA glycosylases (ROS1, DME, DML2, and DML3) that
have a preference for 5mC in double-stranded DNA has been
identified, and there is strong biochemical and genetic evidence
that these enzymes are necessary for active demethylation of
specific genes (66). For example, ROS1 is a bifunctional glyco-
sylase with apurinic/apyrimidinic lyase activity, so it first
removes the base and then cleaves the abasic site, leaving a nick,
which is rapidly repaired (66). This process is like base excision
repair (BER), a process well established in mammals for mis-
match repair and removal of alkylated bases. Accumulating evi-
dence has suggested a role for BER in active demethylation in
mammals, but the enzymes and mechanisms involved in initi-
ating this process appear to be different from those in
Arabidopsis.
So far, no mammalian homolog of the DME/ROS1 family of

glycosylases has been found, and only weak 5mC glycosylase
activity has been reported for thymine DNA glycosylase (TDG)
and methyl-CpG-binding domain protein 4 (MBD4) (67, 68).
For both of these glycosylases, activity toward 5mC is 30–40

FIGURE 3. Models for DNA demethylation mechanisms involving BER. In plants, the 5mC base can be directly removed by the DME/ROS1 family of 5mC DNA
glycosylases, resulting in an abasic site that is repaired by the BER process. In mammals, no efficient 5mC glycosylases have been conclusively identified, and
an alternative pathway initiated by deamination of 5mC has been proposed. Candidate deaminases include AID and APOBEC1, which convert 5mC to thymine.
The resulting thymine could be repaired by BER initiated by a T-G mismatch glycosylase such as MBD4 or TDG. Recently, it has been shown that mouse and
human TET family proteins can catalyze conversion of 5mC to 5hmC, a new modified base found in mammalian DNA. It is tempting to speculate that 5hmC
could be repaired by a BER process, although, so far, no 5hmC DNA glycosylases have been identified.
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times lower than their T-G mismatch glycosylase activity (67,
68); thus, it is doubtful that they are genuine 5mC DNA glyco-
sylases (69). Consistent with this notion, Mbd4 is not required
for global demethylation of the paternal genome in zygotes (70),
andMbd4 knock-out mice are viable and fertile (71). However,
its role as a 5mC DNA glycosylase in locus-specific demethyla-
tion cannot be completely ruled out. As shown in a recent study
(72), hormone-induced phosphorylation ofMBD4 significantly
stimulates its glycosylase activity toward 5mC, leading to active
demethylation of the CYP27B1 gene promoter.

Other proposed mechanisms for active DNA demethylation
also involve BER, but only aftermodification of the 5mCbase. A
leading candidate mechanism is deamination of 5mC to thy-
mine, followed by BER of the resulting T-G mismatch (Fig. 3,
left). Activation-induced cytosine deaminase (AID) and apoli-
poprotein B mRNA editing enzyme, catalytic polypeptide 1
(APOBEC1) can deaminate 5mC, potentially resulting in T-G
mismatches, although these enzymes strongly prefer single-
stranded DNA (73). Both enzymes are expressed in mouse
oocytes, and Aid expression has also been detected in PGCs,
suggesting a possible role in global DNA demethylation (73).
These findings led to the hypothesis that demethylation in
mammals might be achieved by deamination followed by BER
initiated by T-G mismatch glycosylases, such as MBD4 and
TDG (73). In support of this hypothesis, studies in zebrafish
embryos indicated that overexpression of AID and MBD4
together, but not either alone, can lead to demethylation of
DNA (74). In addition, two recent studies have provided evi-
dence that AID is involved in active DNA demethylation in
mammals (75, 76). Using heterokaryons made by fusion of
mouse ES cells with human fibroblasts, Bhutani et al. (75) dem-
onstrated that AID is required for active demethylation of the
OCT4 and NANOG promoters during reprogramming of a
fibroblast genome by cell fusion. Another study analyzed
genome-wide DNA methylation in PGCs from wild-type and
Aid knock-out mice (76). In comparison with their wild-type
counterparts, Aid�/� PGCs at E13.5 show higher levels of
methylation throughout the genome (76). However, the meth-
ylation levels in Aid�/� PGCs are still low, so significant dem-
ethylation still occurs even in the absence of AID (76). Impor-
tantly, there are no obvious developmental defects in Aid�/�

mice, and they are fertile (77). Hence, other factorsmust also be
involved in global demethylation in PGCs, and further studies
are needed to determine whether AID plays a major role in this
process.
In addition to BER, another major DNA repair pathway,

nucleotide excision repair (NER), has been implicated in active
demethylation. Using an expression cloning approach, Barreto
et al. (78) identified Gadd45a as a protein factor capable of
promoting global active demethylation in culturedmammalian
cells. The Gadd45a-mediated demethylation was proposed to
involve NER based on the observation that it was accompanied
by DNA synthesis and required the presence of the NER endo-
nuclease XPG, which directly bound to Gadd45a (78). How-
ever, this finding could not be confirmed by another study (79),
and no increase in either global or locus-specific methylation
was observed inGadd45a�/�mice (80). Nevertheless, a role for
Gadd45 family proteins in locus-specific DNA demethylation

has received some support (63, 81). It has been reported that
active demethylation at the rRNA gene promoter is mediated
by Gadd45a and the NER machinery (81). Another member of
the Gadd45 family, Gadd45b, was also found to be required for
demethylation of specific gene promoters inmature hippocam-
pal neurons in response to neuronal activity (63). The
Gadd45b-dependent DNA demethylation appeared to be
highly locus-specific, as significant demethylation occurred at
specific regulatory regions of Bdnf and Fgf1, two genes critical
for adult neurogenesis, but no global demethylation was
observed (63).
Recently, the discoveries of 5hmC inmammalian cells and of

enzymes responsible for converting 5mC to 5hmC have sug-
gested new possibilities for demethylation. 5mC has long been
thought to be the only naturally occurring modified base in
mammalian DNA, but recently, substantial amounts of 5hmC
have been detected in mouse Purkinje neurons (82) and in ES
cells (83). By searching for mammalian homologs of the
trypanosome thymidine hydroxylases, Tahiliani et al. (83) iden-
tified three human TET family proteins, TET1, TET2 and
TET3, and further demonstrated that TET1 can catalyze con-
version of 5mC to 5hmC in vitro and in cultured cells. All three
mouse Tet proteins can catalyze a similar reaction, and Tet1
was found to play an important role in ES cell self-renewal and
specification of the inner cell mass (84). Inmouse ES cells, Tet1
was shown to be required for keeping theNanog promoter in a
hypomethylated state, suggesting a role for Tet1 in regulating
DNAmethylation (84). It remains unknownwhether 5hmCcan
be an intermediate in active demethylation, but one postulated
mechanism (Fig. 3, right) involves BER initiated by a 5hmC-
specific DNA glycosylase (83). It is noteworthy that glycosylase
activity toward 5hmChas been reported in calf thymus extracts
(85).

BER Activity in Mammalian Germ Cells and Zygotes

The possible mechanisms of active demethylation, as re-
viewed above, were proposed based mainly on studies using in
vitro assays and cultured cells. It is only recently that attempts
have been made to directly investigate the molecular basis of
global active demethylation in zygotes and PGCs.
Two recent studies have provided several lines of evidence to

support a role of BER in active demethylation of the paternal
genome in mouse zygotes (86, 87). First, high levels of BER
components PARP1, APE1, and XRCC1 were seen in zygotic
pronuclei. In contrast, NER components ERCC1 and chroma-
tin-bound XPA were almost undetectable throughout zygotic
development (86). Second, XRCC1, a single-strand break (SSB)
sensor protein, bound only to chromatin in the paternal pronu-
cleus, but not in the maternal pronucleus, and the presence of
chromatin-bound XRCC1 coincided with the timing of active
DNA demethylation (86). Another SSB sensor protein, PARP1,
was also detected predominantly in the paternal pronucleus
(86, 87). Third, a modified nick translation assay detected SSBs
only in the paternal DNA at early pronuclear stage 3, in which
active demethylation occurs (87). Finally, inhibition of BER
resulted in a significantly higher level of DNA methylation in
the paternal genome, indicating a critical role of BER in active
demethylation in zygotes (86). Global demethylation in PGCs

MINIREVIEW: DNA Methylation and Demethylation in Mammals

MAY 27, 2011 • VOLUME 286 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 18351



may also bemechanistically linked to the BER pathway, as it has
been shown that expression of BER factors, such as Parp1,
Ape1, and Xrcc1, is up-regulated in PGCs at E11.5, coincident
with the time when genome-wide DNA demethylation occurs
(86).
These recent studies suggest a link between BER and active

demethylation in PGCs and zygotes. If so, how is BER triggered
during this process? BER triggered by AID-mediated deamina-
tion of 5mC is not likely to play a major role in demethylation
during gametogenesis and early development because Aid�/�

mice are normal and fertile; hence, it is possible that BER is
initiated by other mechanisms. Recently, it was found thatTet1
is significantly expressed in E11.5 PGCs (86), and Tet1 protein
is present in the nuclei of one-cell embryos (84). Therefore, it
will be of great interest to investigate whether 5hmC is present
in the paternal genome in zygotes and in PGCs at a time when
global demethylation occurs. As mentioned previously, 5hmC
has been proposed to be a direct target for BER, although, so far,
no 5hmC-specific glycosylases have been identified.
Further research is needed to firmly establish the role of BER

in genome-wide DNA demethylation. However, irrespective of
whether BER is involved, it is conceivable that global demethyl-
ation is a highly regulated process that involves many factors.
To identify molecular components required for paternal
genome demethylation in zygotes, Okada et al. (88) recently
developed a novel assay using GFP fused to a protein that has
high affinity for unmethylatedCpG.This allowed them tomon-
itor paternal genome demethylation by live-cell imaging. Using
this assay together with siRNA knockdown, they screened a
dozen candidate genes and found that knockdown of Elp3, a
componentof theelongator complex, impairedDNAdemethyl-
ation in paternal pronuclei. Knockdown of two other elongator
subunits, Elp1 and Elp4, also impaired demethylation, suggest-
ing that the entire transcription elongator complex may be
required for the demethylation process. Although the molecu-
lar mechanism for elongator complex-mediated DNA de-
methylation has yet to be elucidated, Elp3 has a Fe-S radical
S-adenosylmethionine (SAM) domain, suggesting an oxidative
mechanism with 5hmC as an intermediate (89).

Future Directions

It has become increasingly clear that histone modifications
and chromatin-associated factors can have a profound effect on
the establishment and maintenance of DNA methylation. One
theme emerging from recent in vitro studies is that DNMT3A
methyltransferase can directly interact with specifically modi-
fied histone tails. It will be of interest to examine whether
such interactions could modulate the enzymatic activity of
DNMT3A and/or whether they are involved in the recruitment
of DNMT3A. A challenge for future research will be to under-
stand at a mechanistic level how de novo DNA methylation
occurs within a chromatin context in vivo. On the other hand,
research on active DNA demethylation is gaining momentum.
Although there is still no consensus on the mechanisms of
active demethylation in mammals, emerging evidence suggests
that it may involve BER. As definitive proof for BER involve-
ment requires genetic evidence, it will be critically important in
future studies to identify the involved BER factors and use

knock-out mice to examine their roles in active demethylation.
In addition, it is likely that the newly discovered 5hmC base in
mammalian DNA will be the subject of intense study in the
coming years, and it will be of particular interest to determine
whether it plays a role in the DNA demethylation process.

REFERENCES
1. Bird, A. (2002) Genes Dev. 16, 6–21
2. Holliday, R., and Pugh, J. E. (1975) Science 187, 226–232
3. Riggs, A. D. (1975) Cytogenet. Cell Genet. 14, 9–25
4. Laurent, L., Wong, E., Li, G., Huynh, T., Tsirigos, A., Ong, C. T., Low,

H. M., Kin Sung, K. W., Rigoutsos, I., Loring, J., and Wei, C. L. (2010)
Genome Res. 20, 320–331

5. Lister, R., Pelizzola, M., Dowen, R. H., Hawkins, R. D., Hon, G., Tonti-
Filippini, J., Nery, J. R., Lee, L., Ye, Z., Ngo, Q. M., Edsall, L., Antosiewicz-
Bourget, J., Stewart, R., Ruotti, V., Millar, A. H., Thomson, J. A., Ren, B.,
and Ecker, J. R. (2009) Nature 462, 315–322

6. Rauch, T. A.,Wu, X., Zhong, X., Riggs, A. D., and Pfeifer, G. P. (2009) Proc.
Natl. Acad. Sci. U.S.A. 106, 671–678

7. Razin, A., and Riggs, A. D. (1980) Science 210, 604–610
8. Li, E., Bestor, T. H., and Jaenisch, R. (1992) Cell 69, 915–926
9. Okano, M., Bell, D. W., Haber, D. A., and Li, E. (1999) Cell 99, 247–257
10. Eckhardt, F., Lewin, J., Cortese, R., Rakyan, V. K., Attwood, J., Burger, M.,

Burton, J., Cox, T. V., Davies, R., Down, T. A., Haefliger, C., Horton, R.,
Howe, K., Jackson, D. K., Kunde, J., Koenig, C., Liddle, J., Niblett, D., Otto,
T., Pettett, R., Seemann, S., Thompson, C., West, T., Rogers, J., Olek, A.,
Berlin, K., and Beck, S. (2006) Nat. Genet. 38, 1378–1385

11. Illingworth, R., Kerr, A., Desousa, D., Jørgensen, H., Ellis, P., Stalker, J.,
Jackson, D., Clee, C., Plumb, R., Rogers, J., Humphray, S., Cox, T., Lang-
ford, C., and Bird, A. (2008) PLoS Biol. 6, e22

12. Riggs, A. D., and Xiong, Z. (2004) Proc. Natl. Acad. Sci. U.S.A. 101, 4–5
13. Jones, P. A., and Liang, G. (2009) Nat. Rev. Genet. 10, 805–811
14. Morgan, H. D., Santos, F., Green, K., Dean, W., and Reik, W. (2005)Hum.

Mol. Genet. 14, R47–R58
15. Mayer,W.,Niveleau, A.,Walter, J., Fundele, R., andHaaf, T. (2000)Nature

403, 501–502
16. Oswald, J., Engemann, S., Lane, N.,Mayer,W., Olek, A., Fundele, R., Dean,

W., Reik, W., and Walter, J. (2000) Curr. Biol. 10, 475–478
17. Hajkova, P., Erhardt, S., Lane, N., Haaf, T., El-Maarri, O., Reik,W.,Walter,

J., and Surani, M. A. (2002)Mech. Dev. 117, 15–23
18. Ji, H., Ehrlich, L. I., Seita, J., Murakami, P., Doi, A., Lindau, P., Lee, H.,

Aryee, M. J., Irizarry, R. A., Kim, K., Rossi, D. J., Inlay, M. A., Serwold, T.,
Karsunky, H., Ho, L., Daley, G. Q., Weissman, I. L., and Feinberg, A. P.
(2010) Nature 467, 338–342

19. Goll, M. G., and Bestor, T. H. (2005) Annu. Rev. Biochem. 74, 481–514
20. Pradhan, S., Bacolla, A.,Wells, R. D., and Roberts, R. J. (1999) J. Biol. Chem.

274, 33002–33010
21. Chen, T., and Li, E. (2004) Curr. Top. Dev. Biol. 60, 55–89
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Mitotic inheritance of gene function is obligatory to sustain
biological control. Emerging evidence suggests that epigenetic
mechanisms are linked to transmission of cell fate, lineage com-
mitment, and maintenance of cellular phenotype in progeny
cells. Mechanisms of epigenetic memory include gene silencing
by DNA methylation, transcriptional regulation by histone
modifications, regulation of gene expression by noncoding
small RNAmolecules, and retention of regulatorymachinery on
target gene loci for activation and repression. We will focus on
the regulatory implications of epigeneticmemory for physiolog-
ical control and for the onset and progression of disease.

Cell division requires functional changes that include tran-
scriptional silencing by reorganization of regulatorymachinery
within the nucleus and structural alterations by remodeling of
cellular architecture (1, 2). Selective mitotic retention of regu-
latory signatures is necessary for continuity of function in prog-
eny cells. For example, genes expressed immediately after
cell divisionmust be epigeneticallymarked and poised for tran-
scription. Similarly, genes required exclusively during develop-
ment and silenced postnatal genes or genes selectively
expressed in specific lineages and permanently repressed in
others must epigenetically acquire functional memory and
retain or relinquish transcriptional status. Equally important,
persistence of cell transformation and tumor progression are
dependent on continuity of cancer-related gene expression.
Historically, nuclear transplantation studies established

retention of competency for pluripotency and epigenetic plas-
ticity (Fig. 1) (3). Genetic control has been shown to be essential
but insufficient to accommodate requirements for gene expres-
sion (4). Contributions of epigenetic control are evident, and
new dimensions are emerging. DNA methylation and histone
modifications play key roles in epigenetically transmitting tran-
scriptional memory (5–11). Noncoding small RNA molecules

and mitotic retention of gene regulatory machinery are major
epigenetic components controlling gene transcription in par-
ent and progeny cells (12–18). These epigenetic mechanisms
can be synergistic, antagonistic, or mutually exclusive in regu-
lating the distribution of regulatory information during cell
division, development, and differentiation.
We will present an overview of mechanisms operative in cel-

lular epigenetic memory and cohorts of combinatorial and
cumulative epigenetic marks that are conveyed through gener-
ations for cell fate and lineage commitment. DNAmethylation
and histone modifications in regulating the interphase gene
expression are covered in detail in this minireview series (Fig.
2). We will focus on mitotic inheritance of non-DNA-encoded
regulatory parameters in symmetric and asymmetrical cell
divisions.

DNA Methylation: A Strategy for Transcriptional
Silencing

DNAmethylation is awell established epigeneticmechanism
for both transient and irreversible transcriptional silencing
(9–11). Three DNA methyltransferases, designated DNMT1,
DNMT3a, and DNMT3b, are responsible for dynamic tran-
scriptional silencing by addition of methyl groups to CpG
islands in gene promoters (19, 20). Consequently, compro-
mised binding of transcription factors to gene promoters
and/or altered nucleosomal occupancy within the promoter
contributes to biological control (21).
DNA methylation permits silenced states of genes to be

inherited through multiple cell divisions (9). Gene imprinting
and allelic exclusion are examples of developmental gene
silencing through successive mitoses. An allele-specific
imprinting control region (ICR)3 within the promoter regions
of certain genes regulates their monoallelic expression. A dif-
ferentiallymethylated domain (DMD) presentwithin the ICR is
epigenetically altered by DNAmethylation (and histone modi-
fications), which is perpetuated through cell divisions to main-
tain the silenced state of the gene in progeny cells.
An informative example is the Rasgrf1 (Ras protein-specific

guanine nucleotide-releasing factor 1) gene, the product of
which is an important component of the Ras pathway (22–24).
The ICR of the locus contains a repeated element that is essen-
tial and sufficient for the establishment and maintenance of
DNA methylation at the DMD for germ line imprinting of the
paternal allele. The CCCTC-binding factor, a transcriptional
repressor, occupies the DMD on the unmethylated maternal
allele and prevents interaction of the enhancer with the pro-
moter, thus silencing the maternal allele (25). Binding of the
CCCTC-binding factor to the paternal DMD is prevented by
DNA methylation, allowing specific expression of the paternal
allele. Thus, DNA methylation plays a critical role in gene
imprinting and allelic exclusion at the Rasgrf1 gene locus dur-
ing development and ensures transmission of “transcriptional
memory” through cell divisions.
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Although the role of DNAmethylation in inheritable silenc-
ing of transcriptional states is well understood (9), some key
questions remain to be addressed. How are DNAmethyltrans-
ferases targeted to gene promoters? Recent reports show that
H3K9 and H3K27 histone modifications may play a role in
directed DNA methylation. It is yet to be resolved whether
these histone modifications are a prerequisite for targeting
DNAmethyltransferases to gene promoters. Equally important
is understanding the extent to which enzymatic demethylation
and replication-mediated loss of methyl groups are operative
in reactivation of genes that are inheritably repressed. The
genomic distribution of methylated marks is emerging as a
resource for epigenetic signature. It is important to discrimi-
nate between methylation signatures that are inheritable
through mitoses and methylation patterns confined to a single
cell cycle.

Histone Modifications: Determinants of Accessibility

Post-translational modification of nucleosomal histones at
the N-terminal tails is a well studied epigenetic mechanism
(5–8, 26); histone phosphorylation and acetylationwere among
the first parameters of epigenetic control (27–29). Histone
modifications are dynamic, and enzymes that add or remove
post-translational histone modifications have been identified
(5–8). Modified histones disrupt contacts between nucleo-
somes and DNA and render chromatin more accessible for
recruitment of non-histone transcriptional regulatory proteins
(5–8, 26). Additional complexity is offered by the ordered and
sequential nature of histonemodifications that either attenuate
or accentuate ongoing transcription. Relative turnover of his-
tone modifications, choice of modified residues, and unique
functional consequences of each histone modification have led
to the proposal of a histone code that governs gene regulatory
events. An in-depth discussion of the contributions of histone
modifications to context-dependent regulation of gene expres-
sion is covered in this minireview series.

FIGURE 1. Timeline of important discoveries in genetic and epigenetic regulation of gene expression. A simplified timeline of some key events and
discoveries in the fields of genetic and epigenetic gene regulation is presented. Important discoveries in genetic components of gene expression are in black,
and the epigenetic events are in blue. The figure was not drawn to scale. HATs, histone acetylases; HDACs, histone deacetylases; DNMTs, DNA methyltrans-
ferases; TF, transcription factor; miRNA, microRNA.

FIGURE 2. Epigenetic mechanisms of gene expression. Genetic and epige-
netic mechanisms contribute to physiological control of mammalian gene
expression. Although the genetic information encodes necessary compo-
nents of gene expression, epigenetic control alters the phenotype without
changing the genotype of a cell and provides an additional level of control.
Shown here are some well defined epigenetic mechanisms, i.e. DNA methyl-
ation, histone modifications, and noncoding RNA-mediated modulation of
gene expression. These mechanisms contribute to inheritable transcriptional
memory of some of the genes through successive cell divisions and contrib-
ute to maintenance of cellular phenotype. Recent studies show that associa-
tion of transcriptional regulatory machinery with target genes on mitotic
chromosomes is a novel epigenetic mechanism that poises genes involved in
key cellular processes, such as growth, proliferation, and lineage commit-
ment, for expression in progeny cells. miR, microRNA.
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The emerging perspective suggests that histone modifica-
tions play a role in gene bookmarking during mitosis and in
inheritance of chromatin state during differentiation. Histone
modifications often work in concert with other epigenetic
marks (e.g.DNAmethylation) to ensure the inheritance of spe-
cific gene expression patterns through cell generations (30–
32). Histonemodifications have been implicated in a number of
epigenetic phenomena, including the inheritable silencing of
heterochromatin (33–35). The complexity of heterochromatin
formation is reflected by its absence in human embryonic stem
cells. In contrast, the sperm heterochromatin is highly compact
(33). In each scenario, it is important to maintain the state of
heterochromatin. Methylation of Lys-9 of histone H3 plays a
crucial role in the transmission of the heterochromatin (34, 35).
Oncemethylated, Lys-9 recruitsHP1 (heterochromatin protein
1) to the chromatin. HP1 recruits additionalH3K9-methylating
activity that modifies nucleosomes on the nascent strand,
ensuring the transmission of the H3K9 methylation mark (36).
It is likely that other epigenetic modifications and histone vari-
ants contribute to inheritable heterochromatin silencing (37).
One of the mechanisms that maintain heterochromatin during
interphase is the incorporation of a variant of histone H2A
(macroH2A) into DNA to be packaged as heterochromatin,
but mechanisms that prevent heterochromatin formation in
human embryonic stem cells as well as initiate and maintain
heterochromatin during and following lineage commitment
are minimally understood.
A subset of genes is “marked” by specific histone modifica-

tions and/or variants to designate inheritable expression post-
mitotically or during differentiation (38). Inheritance of regu-
latory machinery for myogenesis provides an example in which
both histone modifications and variants contribute to epige-
netic memory (38, 39). Nuclear transplant experiments have
shown that the methylation status of the muscle-specificmyoD
promoter remains unaltered in non-muscle cell lineages (39).
Instead, Gurdon and co-workers have shown that the associa-
tion of a histone H3 variant (H3.3) with the myoD promoter
dictates epigenetic memory. H3.3 is associated with the myoD
gene in embryos that display “transcriptional memory” but not
in those inwhichmemory has been lost.Mechanistically, block-
ing the methylation of H3.3 at Lys-4 leads to the loss of tran-
scriptional memory, whereas overexpression of H3.3 contrib-
utes to memory. Long-term retention of histone H3.3 with the
myoD promoter has been established as a component in lin-
eage-restricted transcriptionalmemory. Consequently, histone
H3.3 stabilizes transcription during development (38, 39).
These observations indicate that mechanisms exist during

mitosis to maintain open chromatin architecture on selective
genes for expression following cell division. However, the
extent to which the histone code that operates in interphase is
retained during mitosis remains to be determined. Important
open-ended questions relate to the existence of a mitotic his-
tone code. Are both histonemodifications and histone variants
involved in mitotic gene bookmarking? Does the entire cohort
of histonemodifications persist? Is the stoichiometry of histone
protein variants present in nucleosomes on a gene locus a crit-
ical determinant for epigenetic transmission of transcriptional
state? Does genomic and biological context determine whether

a gene will be bookmarked? What components of enzymology
are involved?

Noncoding RNA Molecules

Noncoding RNAs range from very small (21–25-nucleotide
microRNAs) to very large, such as the Air transcript, which
exceeds 100 kb in length (40–44). The presence of RNAi in
lower eukaryotes and microRNAs in higher eukaryotes indi-
cates biological roles for noncoding RNA; these include tran-
scriptional regulation and translational inhibition that are
accomplished through direct base pairing with the DNA or
RNA target, by mimicking the structure of other nucleic acids,
or by functioning as a component of an RNA-protein complex
(41–44).
A well studied example of RNA involvement in heritable epi-

genetic regulation is X chromosome inactivation by Xist RNA
inmammals (45–50).XistRNA is a large, noncoding, and alter-
natively spliced RNA that associates with the X chromosome
fromwhich it is transcribed (45).Xist RNA is essential for inac-
tivation of one copy of the X chromosomewhenmore than one
copy is present (48). Inactivation of the paternal X chromosome
occurs in extraembryonic tissues, and consistent with this, the
paternal Xist copy is expressed preferentially in female preim-
plantation embryos (49). Xist RNA coats the X chromosome
that is silenced and, together with recruitment of the chroma-
tin-remodeling and DNA methylation machinery, leads to sta-
ble inheritable silencing of one copy of the X chromosome (50).
A complete understanding of mechanisms that mediate, pre-
serve, and propagate X chromosome inactivation will require
additional experimental evidence. Histone modifications also
contribute to X chromosome inactivation (47), but specific
roles of these modifications are not well established. Adapter
proteins that integrate independent epigeneticmechanisms for
X chromosome inactivation are not known. It also remains to
be established whether all RNA-mediated silencing is heritable
and the extent to which RNA control of gene expression is
reversible or permanent.

Mitotic Retention of Gene Regulatory Machinery:
Sustaining the Family Legacy

Mitotic remodeling of cellular and nuclear architecture
includes dynamic relocalization of transcription factors (e.g.
Ets1, Oct2, B-Myb, and Sp factors) and transient degradation of
key regulatory proteins (e.g. cyclins) (1, 2, 51–54). Aftermitosis,
the structural and functional integrity of the cell’s regulatory
machinery must be re-established to accommodate cell cycle
and growth control as well as phenotype. Enzymatically and
chemically sensitive sites onmitotic chromosomes mark active
genes (18, 55), indicating that some regulatory complexes
remain bound to the condensed chromatin for rapid reactiva-
tion of genes following mitosis. Mitotic retention of the tran-
scription factor IID complex at gene promoters supports a
“bookmarking” mechanism to resume active transcription
upon exit from mitosis (17, 56). Recent evidence that pheno-
typic transcription factors are associated with target gene loci
on mitotic chromosomes adds a tissue-specific dimension to
this concept (57–61).
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The tandemly organized and developmentally regulated glo-
bin gene loci exhibit DNase I-hypersensitive sites that are
linked to erythroid lineage-restricted gene expression (62, 63).
These hypersensitive sites are retained for �20 generations
(64). Mechanistically, NF-E2, a globin gene regulator, remains
bound tomitotic chromosomes (65), but the GATA1 erythroid
transcription factor dissociates from condensed chromatin (65,
66). NF-E2 recruits chromatin-remodeling factors that include
TAFII130 and CBP (cAMP-responsive element-binding pro-
tein-binding protein) to support re-expression of the globin
gene post-mitotically (65). Thus, NF-E2 supports the persistent
hypersensitive state of globin genes. This is complemented by
active histone modifications (e.g. H3 acetylation and H3 Lys-4
dimethylation and Lys-79 dimethylation) in distal regulatory
domains of globin gene loci that are transcriptionally compe-
tent (65). Collectively, an “epigenetic memory” mechanism
mediates efficient and lineage-restricted reactivation of globin
gene transcription following mitosis.
Differentiation of mesenchymal progenitor cells into osteo-

blasts, adipocytes, or myoblasts is dictated by specific sets of
master transcription factors (i.e. RUNX2 in osteoblasts,
CCAAT-enhancer-binding protein � in adipocytes, andMyoD
and myogenin in myoblasts) (67–69). In interphase, these pro-
teins reside in distinct nuclear microenvironments where they
interact with coregulatory proteins as well as cognate DNA ele-
ments to carry out biological functions (70). Studies from our
group and others have shown that these regulatory proteins are
also associated with phenotypic target genes on mitotic chro-
mosomes in their respective lineages (57–61). During mitosis,
these proteins localize to nucleolar organizing regions, the pre-
cursors of interphase nucleoli, and occupy RNA polymerase
(Pol) I-transcribed ribosomal RNA genes as well as RNA Pol
II-transcribed phenotypic genes that are involved in control of
the cell cycle and differentiation. Post-mitotically, phenotype
regulatory proteins are equally partitioned to progeny cells and,
consistent with their antiproliferative and differentiation-pro-
moting roles, down-regulate rRNA gene transcription, which is
intimately linked to cell growth, thus coordinating cell prolifer-
ation and growthwith lineagemaintenance (57–61). The occu-
pancy and regulation of genes that are transcribed by both RNA
Pol I and Pol II by these proteins during interphase and mitosis
reflect coordinate genetic and epigenetic control of cell prolif-
eration, growth, and differentiation.

Asymmetric Partitioning of Transcription Factors:
Separate but Not Equal

Lineage progenitors and stem cells must undergo asymmet-
ric cell division to sustain the availability of a progenitor pool
for two important cell types: pluripotent cells and lineage-com-
mitted cells (71, 72). Most informative observations regarding
the asymmetric cell division have come from lower eukaryotes
(73–75). For example, in budding yeast, the Ace2 chromatin-
remodeling factor is asymmetrically accumulated in the
nucleus of the daughter cell (76). Ace2, which is translated inG2
cells, is retained in the cytoplasm. In late mitosis, a dephosphor-
ylation event leads to unmasking of the nuclear localization
signal and nuclear translocation of the protein. Once in the
daughter nucleus, Ace2 is phosphorylated by the daughter cell-

specific Cbk1 kinase, which results inmasking the export signal
and the daughter cell-specific nuclear retention of Ace2 (76). It
remains to be explored whether the daughter cell-specific
retention of Ace2 results in resumption of gene expression that
is restricted to the progeny.
Asymmetric cell division has also been observed duringDro-

sophila neurogenesis, in which the progenitor undergoes sev-
eral rounds of asymmetric division (74). Each division produces
a large cell that remains a neuroblast and a smaller ganglion
mother cell that eventually differentiates into neurons and glia
of the central nervous system. In parallel, the sensory organ
precursor also undergoes asymmetric cell divisions to give rise
to five distinct cell types of the peripheral nervous system. In
both these progenitors, Numb, an attenuator of Notch signal-
ing, and the Prospero transcription factor distribute asymmet-
rically to only one of the daughter nuclei (77–79). This asym-
metry is achieved through the actions of a protein complex that
localizes to the apical cortex of dividing neuroblasts and regu-
lates orientation of the mitotic spindle, thus controlling the
polarity of these proteins.
Similarmechanismsmaybe operative inmammalian cells for

maintenance of stem/progenitor cell pools while giving rise to
distinct cell types from a single progenitor. However, experi-
mental evidence to establish the existence of asymmetrical dis-
tribution of regulatory complexes inmammals is lacking. It also
remains to be determined how phenotypic properties of prog-
eny cells that arise from an asymmetric cell division are estab-
lished. A principal limitation is the lack of an in vitro model
system in which in vivomechanisms that underlie asymmetric
distribution can be recapitulated.
Mitotic retention of gene regulatory machinery, particularly

on chromosomes, offers a new dimension to epigenetic regula-
tion during cell division, both symmetric and asymmetric.
Together with DNA methylation and histone modifications,
transcription factor association with mitotic gene loci or their
retention during mitosis provides architectural epigenetic sig-
natures, with several regulatory implications. For example,
transcription factor association may “tag” genes for rapid reac-
tivation post-mitotically. Another implication is that mitotic
association of chromatin-remodeling proteins (e.g. Ace2) with
gene loci may render genes more accessible for regulatory pro-
teins inG1 cells. Additionally,mitotic association of phenotypic
regulatory proteins with genes in an allele-specific manner in
omnipotent and pluripotent cells can facilitate asymmetric dis-
tribution of transcription factors to cells destined to commit to
a particular lineage. In committed cells, equal partitioning of
phenotypic transcription factors can then lead to maintenance
of the lineage. Symmetric distribution of regulatory factors has
been demonstrated (57), but whether this is the rule or excep-
tion must be established. Other key questions remain. How are
genes that do not retain cognate regulatory factors duringmito-
sis marked for activation or suppression in progeny cells? How
are genes epigenetically regulated in a selective manner during
asymmetric cell division? Are all, some, or none of the coregu-
latory proteins of a particular transcription factor present at
mitotic gene loci? Despite open-ended questions, this epige-
netic mechanism offers a flexible yet cell type-specific and con-
text-dependent dimension to gene regulation.
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Epigenetic Memory Sustains the Disease Phenotypes

Cancer development depends not only on genetic alterations
but also on an abnormal cellularmemory or epigenetic changes
that convey heritable gene expression patterns critical for
tumor initiation and progression (80–83). These aberrant epi-
genetic mechanisms result in global changes in chromatin
packaging and in localized gene promoter changes that influ-
ence the transcription of genes important to cancer.
The hematopoietic master regulator RUNX1 provides an

example of deregulated epigenetic control during mitosis.
RUNX1 is required for definitive hematopoiesis and is fre-
quently translocated in hematological malignancies (84). One
of the most prevalent chromosomal translocations involving
the RUNX1 gene is the 8;21 translocation, present in �15% of
all patients with acute myelogenous leukemia (85–87). t(8;21)
results in expression of a chimeric protein, AML1-ETO, from
the RUNX1 gene locus. AML1-ETO shares the DNA-binding
domain of the normal RUNX1protein but lacks theC terminus,
which is replaced by the nearly full-length ETO protein (85–
87). AML1-ETO localizes to distinct nuclear microenviron-
ments, interferes with RUNX1 function, and results in a blast-
like phenotype of myeloid progenitors (88–90). RUNX1
associates withmitotic chromosomes and is equally distributed
to the progeny cells (91). RUNX1 also occupies rRNA gene
promoters during interphase and down-regulates the expres-
sion of pre-rRNA transcripts. However, during mitosis and
interphase in leukemic cells that express AML1-ETO from one
allele, rRNA genes are occupied by the chimeric protein
instead. AML1-ETO occupancy of rRNA genes up-regulates
rRNA genes concomitant with the growth advantage of leuke-
mic cells (91). This example provides mechanistic insights into
inheritable progression and maintenance of a disease pheno-
type and offers novel opportunities to specifically target AML1-
ETO during mitosis.

Targeting the Inherited Epigenome in Cancer:
Limitations and Promises

Genome-wide screens of histone modifications and DNA
methylation have provided an unbiased means to define diag-
nostic epigenetic signatures for tumor type and have offered
promising therapeutic targets (80–83).Drugs that inhibitDNA
methyltransferase activity (such as azacytidine (5-azacytidine),
decitabine (5-aza-2-deoxycytidine), fazarabine (1-�-D-arabino-
furanosyl-5-azacytosine), and dihydro-5-azacytidine) or his-
tone deacetylase function (e.g. hydroxamates such as suberoyl-
anilide hydroxamic acid, a cyclic peptide-benzamide such as
MS-275, and aliphatic acids such as phenylbutyrate) are in clin-
ical trials (92). Global effects of these inhibitors that may
impede normal cellular functions are a limitation. A confound-
ing consideration is plasticity that may be a function of DNA
hemimethylation, which can influence the composite epige-
netic signature as well as the optimal approach for drug design.
How is the enzymology targeted specifically to these silenced
genes? Are certain histone modifications unique to gene loci of
oncogenes and tumor suppressors? Consistent with these con-
cerns, it has become clear over the past decade or so that tar-
geting DNA methylation or histone modifications alone is not

sufficient for therapeutic purposes. Because these mechanisms
are cumulative and context-dependent, it is likely that they
function in concert with each other or with other epigenetic
mechanisms to contribute to cancer phenotype. Consequently,
the strategy for effective therapy may be complex and
multifactorial.
Small noncoding RNA molecules and their relatively spe-

cific inhibition of gene expression offer attractive options for
use as diagnostic markers and for targeting selective gene
sets. Although some studies have identified roles of small
RNA molecules as epigenetic carriers, additional studies are
needed to define their activity as a principal epigenetic
mechanism.
In addition to its contribution to physiologically responsive

gene expression during development and tissue remodeling,
retention of regulatory proteins with gene loci during cell divi-
sion can be translated to targeted therapy with enhanced spec-
ificity and reduced off-target effects. In contrast, global inhibi-
tion of histone modification or DNA methylation does not
provide a viable option for selectivity. During mitosis, minimal
components of transcriptional regulatory complexes may be
present, thus unmasking epitopes to generate a druggable tar-
get. Such a mechanism can favorably influence pharmacologi-
cal kinetics, i.e. the minimal drug concentration will be
required. In addition, mitotic association of regulatory pro-
teins, combined with global genome-wide assessment of his-
tone modifications and DNAmethylation, may provide a diag-
nostic “epigenetic signature.”

Concluding Remarks: Illuminating the Dark Side of Gene
Regulation by Understanding Epigenetic Mechanisms

With increased capabilities for genome-wide expression pro-
filing and accruing signatures for gene expression that are
linked to biological control and pathology, gaps in our ability to
mechanistically account for transcriptional activation, suppres-
sion, and persistence of expression status during cell division
have become evident. Elucidation of control that is outside of
DNAsequences canprovide additional levels of regulation. Epi-
genetic mechanisms that include DNA methylation, histone
modifications, noncoding RNA molecules, and mitotic reten-
tion of transcription factors individually and as combinatorial
signatures have been shown to be informative in predicting the
biological outcome and in diagnosing the diseased state. The
definition of epigenetic control is evolving by necessity to
accommodate recognition for an expanding repertoire of non-
DNA-encoded information that establishes and sustains regu-
latory machinery. Understanding the control of these non-
genomic but inheritable parameters can yield novel dimensions
to regulation of cell fate and lineage commitment. In turn, these
observations will provide important insights into development,
differentiation, and tissue remodeling, as well as an apprecia-
tion for regulatory mechanisms that are compromised with the
onset and progression of disease. Finally, although abrogation
of epigenetic mechanisms in disease can result in dysfunction
similar to that caused by point mutations or chromosomal
translocations, reversibility renders them viable therapeutic
targets.
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The study of histonemodifications and their interaction with
effector modules/proteins has attracted increasing attention
in recent years.Accumulating evidence indicates that epigenetic
regulation, which involves post-translational modification on
histones and DNAs or the participation of RNAs, plays an
important role in many cellular processes. Histone modifica-
tions can function individually but are also capable of function-
ing combinatorially as a pattern. Recently,muchmore attention
has focused on interpreting combined histone patterns by
their downstream effectors. Structure/function-based stud-
ies on paired module-mediated histone cross-talk have
greatly enhanced our understanding of the plasticity of the
“histone code” hypothesis.

The nucleosome core particle, composed of a histone octa-
mer wrapped by 146 bp of DNA (1) and visualized as small
beads under the electron microscope (2), constitutes the build-
ing block of chromatin structure. The flexible and unstructured
N-terminal tails of histone proteins that protrude from the cen-
tral core of the nucleosome are post-translationally modified at
various positions. In addition, the wrapped DNA bases and
some residues located within the rigid histone core can also be
modified, indicating that not only the flexible histone tails but
also the nucleosome as a unit can be the target of post-transla-
tional regulation by effector proteins. The type, pattern, and
distribution of histone modifications constitute a “histone
code” (3), whose alphabet can be specifically “written,” “read,”
and “interpreted” by effector proteins through a series of down-
stream events, thereby regulating multiple cellular processes,
including transcription, cell cycle progression, cell growth and
differentiation, and apoptosis.
Many post-translational modifications (PTMs)3 have been

identified on histones, displaying a wide variety both in the
types ofmodification and in the states of the same kind ofmod-
ification. There has been considerable recent progress in the
identification of PTMs, as well as the effector modules associ-
atedwith their specific readout. Generally, the bindingmodules
are small domains (50–150 residues) containing binding pock-

ets that accommodate these PTMs in a chemical type- and his-
tone sequence-specific manner (4, 5). These binding modules
are called “readers.” Similarly, domains that are responsible for
specifically adding or removing these PTMs are called “writers”
or “erasers.” The readout of single histone modifications by
effector modules has been extensively investigated, and the
rules underlying molecular recognition are outlined in several
reviews (4, 6). Regulatory events involving two or more epige-
netic marks usually require two or more effector modules
to function together. Long-range histone cross-talk usually
involves several proteins that either function in a particular
pathway or alternately form a complex (7, 8), thereby adding
additional levels of complexity to efforts aimed at characteriza-
tion of molecular details associated with recognition events.
Short-range histone cross-talk can be monitored on closely

positioned pairedmodules. These paired chromatin-associated
modules appear in multiple combinations, ranging from read-
er-reader pairs to reader-writer and reader-eraser pairs. They
represent simplified models for studying short-range commu-
nication between histone and/or non-histone modifications.
Furthermore, these paired chromatin-associated modules usu-
ally exhibit new functions that are distinct from their individual
components. This minireview focuses mainly on paired mod-
ules that have been structurally characterized or biochemically
implicated in chromatin-mediated processes, with the discus-
sion focusing on their distinct functions as a combined unit, as
part of an effort to reveal the molecular basis underlying paired
module-mediated histone cross-talk impacting on epigenetic
regulation.

Combinatorial Readout by Reader-Reader Pairs

More than 10 families of readermodules have been identified
that are capable of specifically recognizing histone marks in
different sequence contexts, and the list would be even longer if
one took into account readers of DNAmodifications and RNA
regulators. The diversity of histone mark recognition is further
enhanced by pairs of readermodules, such as PHD-PHD, PHD-
Bromo, and Bromo-Bromo pairs, where PHD is the PHD finger
module and Bromo is the bromodomain module (Table 1).
When eachmodule recognizes a specific histonemark, the dual
modules can display a combinatorial effect that is reflected in
the cooperativity of the binding event during readout of the
pattern of histone marks. A positive combinatorial effect asso-
ciated with reading of two or more histone modifications was
first reported for the double BromoofTAF1 (9), a subunit of the
TFIID complex. The TAF1 double Bromo exhibits a much
higher binding affinity for di/tetraacetyllysine-modified H4
peptide, with the different combinations consistently exhibit-
ing 7–27-fold higher binding affinity over a singly H4K16ac-
modified peptide. The structure of the TAF1 double Bromo
shows that each domain possesses an acetyllysine-binding
pocket. The 25-Å distance between the two acetyllysine-bind-
ing pockets enables the double Bromo to simultaneously read
two acetyllysines separated by 7 or more amino acids (Fig. 1A),
thereby providing a structural explanation of the higher affinity

* This is the third article in the Thematic Minireview Series on Epigenetics.
This minireview will be reprinted in the 2011 Minireview Compendium,
which will be available in January, 2012.
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for multiple acetyllysine-containing histone tails. TFIID is an
important protein component required for RNA polymerase II
activity and functions to initiate assembly of the transcription
machinery. Transcriptionally active genes are usually hyper-
acetylated at promoter regions, suggesting that the TFIID com-
plex uses the double Bromo of TAF1 to specifically select
hyperacetylated active genes to facilitate transcriptional initia-
tion.Given that the structure of the complex is not yet available,
the details of the combinatorial readout mechanism remain to
be elucidated. Indeed, a single Bromo of Brdt, the mouse hom-
olog of TAF1, has been shown recently to combinatorially bind
two acetyllysinemarks (10), demonstrating that a pair of acetyl-
lysines can be read by a single Bromo module or that four
acetyllysines could be simultaneously read by a pair of Bromo
modules.
For the case of reading two histone modifications by two

reader modules in a positive combinatorial manner, one would
expect the two binding events to function in cis, namely that

one binding event is facilitated by the other. An illustrative
example of cis action on a single histone tail bearing two marks
was recently provided by studies on the TRIM24 PHD-Bromo
dual cassette (11). TRIM24 is a chromatin-associated protein
whose cellular levels are closely related to the onset of multiple
human cancers. The C-terminal region of this large protein
contains a PHD-Bromo cassette that is responsible for chroma-
tin association. TheTRIM24 PHD finger specifically targets the
unmodified H3K4 (H3K4me0) histone mark, whereas the
TRIM24 Bromo targets a series of acetyllysine-containing
H3/H4 peptides, with a preference for the H3K23ac mark.
Structural studies revealed several features that contribute to
the combinatorial readout of theTRIM24PHD-Bromo cassette
for dual-marked H3(1–35)K4K23ac peptide. First, the H3K4-
binding pocket on the TRIM24 PHD finger extends smoothly
toward the acetyllysine-binding pocket of the TRIM24
Bromo. Second, H3K4- and H3K23ac-containing peptides are
aligned in the same orientation. (By contrast, H3K4me0- and
H3K27ac-containing peptides are aligned in opposite orienta-
tions.) Third, the distance between the two binding pockets is
long enough (36.4 Å) so that only the H3K4me0-H3K23ac pair
but not the H3K4me0-H3K9ac and H3K4me0-H3K14ac pairs
can bind simultaneously within a single histone tail (Fig. 1B).
The combinatorial effect is strongly supported by isothermal
titration calorimetry binding data, in which TRIM24 PHD-
Bromo showed an�90-fold higher binding affinity for the dual-
marked H3K4me0-H3K23ac-containing peptide than for short
peptides containing either single mark. What is the basis for
TRIM24 PHD-Bromo recognition of such a non-canonical his-
tone signature? Genome-wide ChIP sequencing identified that
H3K4me0 and H3K23ac marks (or other H3ac and H4ac
marks) appear in abundancewithin the distal region of estrogen
response elements, where TRIM24 binds and functions as a
coactivator of estrogen receptor �. The estrogen response ele-
ments coexist alongside many TRIM24-regulated genes, pro-
viding a unique platform for histone modification-directed
recruitment of TRIM24.
Single PHD fingers have been identified to specifically inter-

act with two kinds of histone modifications: H3K4me0 and
H3K4me3. In addition, the PHD-PHD pair of DPF3 has been

TABLE 1
Structurally verified paired histone-associated modules and their interplay with histone patterns
PDB, Protein Data Bank; SUMO, small ubiquitin-like modifier; Chromo, chromodomain.

Protein
name Paired domains Histone patterns Histone-binding features

Selected PDB
codes

TAF1 Bromo-Bromo H4K5/8/12/16ac Combinatorial reading of two or four acetylation marks; also interacts with
CIA/ASF1

1EQF, 3AAD

TRIM24 PHD-Bromo H3K4me0, H3K23ac, H4ac Combinatorial reading of H3K4me0 and H3K23ac on a single H3 tail 3O34, 3O36
DPF3b PHD1-PHD2 H3(1–9), H3K14ac, H4-Nac Combinatorial reading of unmodified N-terminal H3 and H3K14ac 2KWJ, 2KWN
BPTF PHD-Bromo H3K4me3, H4Kac Combinatorial reading (needs validation) of H3K4me3- and H4Kac-containing

marks at the nucleosome level
2F6J

MLL1 PHD3-Bromo H3K4me3 Binding H3K4me3 and CyP33 simultaneously 3LQJ, 2KU7
PHF8 PHD-JmjC H3K4me3, H3K9me2 Binding H3K4me3 enhances demethylase activity on H3K9me2 3KV4
KIAA1718 PHD-JmjC H3K4me3, H3K27me2 Binding H3K4me3 enhances demethylase activity on H3K27me2 but reduces

activity on H3K9me2
3KV5, 3KV6

Rsc4 Bromo-Bromo H3K14ac, self-K25ac Binding self-K25ac inhibits binding H3K14ac 2R0Y, 2R0V
KAP1 PHD-Bromo No histone binding PHD as a SUMO E3 ligase 2RO1
CHD1 Chromo-Chromo H3K4me3 Two modules cooperate to bind one mark 2B2W
53BP1 Tudor-tudor H4K20me2 One effective binding module 2IG0
Crb2 Tudor-tudor H3K20me2 One effective binding module 2FHD
JMJD2A Tudor-tudor H3K4me3, H4K20me3 One effective binding module; displays binary binding substrates 2GFA, 2QQS
MDC1 BRCT-BRCT H2AX S139ph One effective binding module 2AZM
SCML2 MBT-MBT Kme1 One effective module; no sequence specificity 2VYT

FIGURE 1. Models of combinatorial readout of two histone marks by
paired chromatin-associated modules. A, the TAF1 double Bromo reads
two acetylated lysines (Kac) on the H4 histone tail. B, the TRIM24 PHD-Bromo
cassette reads H3K4me0 and H3K23ac modification pairs. C, the DPF3b dou-
ble PHD reads N-terminal H3 and the H3K14ac mark simultaneously. D, the
BPTF PHD-Bromo cassette reads H3K4me3 and H4Kac paired histone marks
on a single nucleosome.
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reported to bind acetyllysine-containing histones (12), thereby
expanding the binding partners of PHD fingers to include
acetylated lysines. An NMR-based structure/function study of
the PHD-PHD pair of DPF3b showed that both domains are in
close contact, such that the histone-binding surface of the two
PHD fingers combines to form an extended surface groove,
which interacts extensively with the H3K14ac-containing pep-
tide (13). In the solution structure, the acetylated Lys-14 and
the N-terminal residues of H3 interact with PHD1 and PHD2,
respectively, thereby displaying a combinatorial effect for the
recognition event (Fig. 1C). In the absence of Lys-14 acetyla-
tion, DPF3b interacts only with N-terminal H3(1–9) through
its PHD2 finger in the structure of this complex, resulting in a
4-fold reduction in binding affinity. DPF3 also associates with
BAF chromatin-remodeling complexes, displaying tissue-spe-
cific expression, and plays an essential role in muscle develop-
ment (12). The combinatorial readout feature would greatly
enhance its specificity and affinity, allowing for a site-directed
recruitment of the BAF chromatin-remodeling complex.
All of the above examples of systems identified or implicated

in combinatorial readout of two or more histone modifications
occurred for cases in which all modifications are positioned on
the same histone tail, so precise thermodynamic parameters
and structural information can be conveniently obtained using
a single synthesized peptide as the substrate. What happens if
two histone modifications occur on different histone tails, and
in such a case, should one expect some cooperativity when
being read simultaneously? A structure-based study on the
BPTF PHD-Bromo cassette addressed this issue, given that this
dual domain has the potential for reading the H3K4me3 mark
by its PHD finger and an acetyllysine-containingH4mark by its
Bromo in a combinatorial manner (14–16). Similar to the
TRIM24 PHD-Bromo cassette, the BPTF PHD-Bromo cassette
shows specificity toward H3K4me3 modification by its PHD
finger while exhibiting a broad binding spectrum for acetylly-
sine-containing H4 tails by its Bromo. As the targets of the dual
domain reside on two different histone tails, either a single
nucleosome or a dinucleosome containing these specific mod-
ifications would be required to test for combinatorial binding
readout. Structure-based modeling suggests that the BPTF
PHD-Bromo cassette can be snugly docked onto a single
nucleosome, with both domains recognizing adjacently posi-
tioned H3 and H4 tails simultaneously (Fig. 1D) (15). Experi-
ments on the BPTF PHD-Bromo cassette aimed at biochemical
and in vivo verification are in progress, with the emphasis on
exploring the effect of combinatorial readout at the nucleosome
level.

Linking Histone Readout to Other Regulatory Events

Not all of the paired readers function in a combinatorial
manner, with exceptions reflecting loss-of-reading functions
typical of individual reader families. Thus, neither domain of
the KAP1 PHD-Bromo cassette binds histones, with this dual
domain functioning instead as an intramolecular E3 ligase that
facilitates sumoylation of the linked Bromo (17, 18). Some tan-
dem readers function together to read a single histone modifi-
cation, as seen for the CHD1 double chromodomains (19),
thereby functioning in a similar manner to single reader mod-

ules. Some of these paired modules have only one effective
binding module, as observed for JMJD2A double tudor
domains (20), 53BP1 double tudor domains (21), MDC1 tan-
demBRCTdomains (22), and SCML2 tandemMBT (malignant
brain tumor) domains (23) (Table 1). For many of these paired
modules, despite the ineffective binding module contributing
as a structural component, their functional role remains poorly
understood.
Recently, structural studies on the MLL1 PHD3-Bromo cas-

sette (24) revealed that the Bromo plays a regulatory role in the
recognition of a cyclophilin protein, CyP33. The MLL1 PHD3-
Bromo cassette displays an elaborate regulation mechanism
that involves both histone binding and non-histone protein-
mediated regulation. In the MLL1 PHD3-Bromo cassette, the
PHD3 finger is responsible for specific recognition of the
H3K4me3 mark, whereas the Bromo has lost its acetyllysine-
binding ability. Although the function of the MLL1 Bromo
remains to be identified, it does play an important role in regu-
lating the function of MLL1 PHD3. First, interaction with the
MLL1 Bromo increases the affinity of MLL1 PHD3 for
H3K4me3-containing histone peptides. Second, MLL1 PHD3
interacts with the RNA recognition motif (RRM) domain of
CyP33 through a distinct surface adjacent to the H3K4me3-
binding surface. This RRM-interacting surface on PHD3 is
blocked by the Bromo in the MLL1 PHD3-Bromo cassette due
to a cis-configured proline within the linker connecting these
twodomains (Fig. 2A), but this blocked surface is released in the
presence of full-length CyP33, which utilizes its peptidylprolyl
isomerase domain to isomerize the linker proline from cis to
trans. This isomerization induces a conformational change
between PHD3 and the Bromo, so the RRM-binding surface on
PHD3 becomes exposed for targeting by the RRM of CyP33
(Fig. 2A). Third, H3K4me3-containing histone and the RRM
domain ofCyP33 can bind the PHD3 finger of theMLL1PHD3-
Bromo cassette simultaneously so as to generate a ternary com-
plex. This cis,trans-proline isomerization-mediated regulation
by CyP33 correlates with the transcriptional switch between
activation and repression (25, 26). In this sense, the effective
Bromo plays a key role in regulating the interaction between
PHD3 and the regulator CyP33. This example also indicates
that the H3K4me3-reading event can be associated with both
activation and repression, thereby supporting the concept that
histone modification-associated regulations are closely related
to their cellular context (7).
Histone readers that interact with non-histone proteins have

alsobeenreported for thePygo1PHDfinger (27)andTAF1double
Bromo (28) modules. The TAF1 double Bromo not only shows
combinatorial readout for di/tetraacetylated histone tails as dis-
cussed above but also interacts directly with the ASF1 chaperone
using a surface different from the acetyllysine-binding surface.
ASF1 can bind the heterodimeric H3-H4 complex (29, 30), which
has been proposed to function in the nucleosome assembly/disas-
sembly pathway. ASF1-TAF1 (double Bromo) and ASF1-histone
(H3-H4) complexes are mutually exclusive. The structural infor-
mation, complementedwith biological assays, suggests that trans-
fer of ASF1, bound initially to the TAF1 double Bromo at the pro-
moter region, to thehistone (H3-H4)2 tetramer complex results in
the disassembly of the nucleosome structure. In this example, his-
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tone binding is directly coupled to chromatin remodeling via the
ASF1 chaperone.

Reading-directed Writing or Erasing

The coexistence of reader and writer-eraser modules has
been noted for several chromatin-associated proteins, espe-
cially for large multimodular proteins. For example, MLL1 can
both read and write the H3K4me3 mark, suggestive of positive
feedback formation, thereby amplifying the activation informa-
tion (31, 32). JMJD2A has been identified as an H3K9me3/
K36me3 demethylase, which functions through its N-terminal
JmjC domain (33), whereas its C-terminal double tudor domain
has been shown to bind equally well to H3K4me3- and
H4K20me3-containing peptides (20, 34). Although the double
tudor domain is necessary for in vivo demethylase function, it is
not clear why a bivalent bindingmodule needs to be pairedwith
a demethylase domain.
A well studiedmodel of the functional relationship of a read-

er-writer pair was conducted on theGcn5p protein. The Bromo
of Gcn5p is not required in vivo for Gcn5p-mediated histone
acetylation at a synthetic promoter but is necessary for subse-
quent Swi2p-dependent nucleosome remodeling and conse-
quent transcriptional activation (35). This result indicates that

the individual functions of the Gcn5p Bromo and the histone
acetyltransferase domain are not directly coupled but are both
required for the full-length protein to function properly. This
study points out the difficulty in studying the reading and writ-
ing-erasing relationship in large multimodular proteins, espe-
cially for cases in which the two domains are separated in pri-
mary sequence and critical three-dimensional structural
information is not available.
For those cases in which the reader and writer-eraser mod-

ules do show direct interaction based on structural informa-
tion, the relationship between reading and writing events is
prone to be correlated, as has been shown for PHF8 and
KIAA1718 demethylases (36). PHF8 is an H3K9me1/2 and
H4K20me1 demethylase (37, 38), which contains the typical
catalytic JmjC domain together with a proximally positioned
PHD finger that reads the H3K4me3 modification. The dem-
ethylase activity of PHF8 on H3K9me2 is modulated by meth-
ylation at H3K4, with PHF8 demethylase activity enhanced
12-fold in the presence of the H3K4me3 mark. How does
H3K9me2-specific demethylase activity connect to the
H3K4me3modification? The structure of the PHF8 PHD-JmjC
paired domain in complex with the dual-modified H3(1–
24)K4me3K9me2 peptide provides a molecular explanation for
the coordinated interplay between these histone modifications
and the PHF8 PHD-JmjC pair (36). The PHD finger and JmjC
domain are in close contact so that the H3K4me3-binding
pocket in the PHD finger and the H3K9me2-specific demethy-
lase pocket in the JmjC domain are positioned in close proxim-
ity. A single H3 peptide bearing both the K4me3 and K9me2
marks is positioned optimally within the extended binding sur-
face of the paired module such that each modification is
inserted into its respective binding pocket (Fig. 2B). As the
PHF8 PHD finger is responsible mainly for recognition of the
H3K4me3 mark, one anticipates that the enhanced binding
affinity will increase the local concentration of the H3K9me2
mark, thereby leading to the enhanced demethylase activity.
For the case of the KIAA1718 demethylase, whose PHD finger
reads H3K4me3 and also makes close contacts with the JmjC
domain, the binding pockets between these two domains are
too far apart to accommodate both K4me3 and K9me2 modifi-
cations simultaneously on a single H3 peptide (36). Thus, for
the KIAA1718 demethylase, the presence of the H3K4me3
modification inhibits the demethylation activity for H3K9me2
but enhances the activity for H3K27me2. The demethylation
preferences of PHF8 and KIAA1718 are dictated by the reading
modulewhen theH3K4me3mark is present (Fig. 2C), a concept
validated by the available structural information, thereby pro-
viding a good example for understanding the coupled function
of reading and erasing events on a specific histone pattern.

Reading beyond Histone Modifications

Many of the interactions between histone modifications and
their effector modules display sequence specificity, i.e. residues
flanking themodification are also important for the interaction.
There are also some readers, such as most bromodomains, that
show broad binding specificity for acetyllysine-containing pep-
tides (39, 40). Those histone reader modules that exhibit broad
binding specificity may also be expected to bind non-histone

FIGURE 2. Models of coordinate regulation in reading histone marks by
paired chromatin-associated modules. A, MLL1 reads H3K4me3 through
the PHD3 finger (left). Upon interaction with CyP33, the MLL1 PHD3-Bromo
cassette undergoes a cis,trans-proline isomerization-mediated conforma-
tional change between PHD3 and the Bromo to reveal a surface for interac-
tion with the RRM of CyP33. PPIase, peptidylprolyl isomerase. B, the demethy-
lase activity of PHF8 on H3K9me2 is enhanced by an adjacently placed
H3K4me3 mark, which is read by the PHD finger of the PHF8 PHD-JmjC pair.
C, the demethylase activity for H3K27me2 (but not H3K9me2) of KIAA1718 is
enhanced by an adjacently positioned H3K4me3 mark, which is read by the
PHD finger of the KIAA1718 PHD-JmjC pair. D, the Rsc4 double Bromo reads
the H3K14ac mark through its second Bromo, whereas its first Bromo can read
its own K25ac modification, which inhibits the interaction between the sec-
ond Bromo and H3K14ac.
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proteins, as shown by the CBP Bromo and L3MBTL1 MBT
domains (41, 42). If so, what is the mechanism for choosing
between histone and non-histone modifications? A study on
the Rsc4 tandem Bromo provides some clues about the regula-
tion between reading histone and non-histone modifications
(43). Both bromodomains of Rsc4 can read acetylated peptides,
with the second Bromo of the pair specifically recognizing the
H3K14ac mark, whereas the first Bromo reads its own K25ac
modification (Fig. 2D). More interestingly, Rsc4 Lys-25 acety-
lation inhibits binding to H3K14ac, suggesting an autoregula-
tory mechanism of action by the tandem Bromo. This is also an
example of negative cooperativity in reading twomodifications.
Althougha structural explanation for this negative cooperativity is
not readily apparent, the autoregulatory mechanism is strongly
supported by both in vivomutational assays and in vitro pulldown
measurements. This example indicates that non-histone modifi-
cationscanalsoplayan important role in regulating the functionof
effector proteins. In fact, these non-histone PTMs exist in abun-
dance in many regulatory proteins, such as p53, G9a, and RNA
polymerase II, many of which can also be potential targets of his-
tone readermodules. In addition, paired readermodules have the
potential to create cross-talk between histone and non-histone
modifications. Understanding the connection between histone
and non-histonemodifications should develop into an interesting
area for further research.

Molecular Features of Paired Modules

Most of the paired modules discussed above display new
functions that are not possessed by a single module. Molecular
clues to these newly developed functions have emerged from
analysis of available structural information. In some cases,
newly developed functions result from formation of a newbind-
ing surface between paired modules, such as reported for the
DPF3b double PHD and CHD1 double chromodomain. In
other cases, newly developed functions emerge due to spatial
constraints, such as the PHF8 andKIAA1718 PHD-JmjC paired
domains, where the demethylase activity is modulated by the
linked reader module. Some paired reader modules enhance
combinatorial readout due to arrangement of spatial align-
ments. For the TRIM24 PHD-Bromo cassette, simultaneous
binding of H3K4me0 and H3K23ac is greatly facilitated by a
smoothly extended binding surface. Another feature of paired
modules listed above is thatmost of them forma rigid structural
unit due either to close association between modules or to
direct connection through a rigid linker (as in the case of the
BPTF PHD-Bromo cassette). A rigid structural unit has the
advantage of maximally saving the entropy cost when paired
modules read two histone modifications simultaneously
because the entropy cost for recognition of its target by the
second module has been prepaid by the first module (15, 44).

Limitations and Perspective

Currently, most studies on the cross-talk between histone
modifications by paired modules have been performed at the
peptide level. These studies need to be extended to the nucleo-
some level so as to evaluate cross-talk between different histone
modifications on this natural platform within the context of
DNA contacts. There have been significant advances in the

development ofmethods for recombinant nucleosome produc-
tion (45), as well as incorporation of specific histone modifica-
tions at the single nucleosome level in sufficient quantity and
purity to undertake biophysical and biochemical measure-
ments (46, 47). There are indications that the binding specific-
ity or enzyme activity at the nucleosome level may be different
from that at the synthetic peptide level, especially for multisub-
unit proteins. Thus, at the single peptide level, PHF8 was
revealed to be an H3K9me2 demethylase, whereas in vivo, it
also functions as an H4K20me1 demethylase. One anticipates
that only at the nucleosome level will it be possible to interpret
the interplay, if any, between reading H3K4me3 and erasing
H4K20me1 marks. The requirement of a single nucleosome
with linker DNA as the substrate has been exemplified in a
study of the Rpd3S histone deacetylase complex (48), which
uses the Eaf3 chromodomain to specifically recognize the
H3K36me mark. At the nucleosome level, stable recruitment
also requires the PHD finger of the Rco1 subunit.
Currently, our knowledge about histone communication

involving more than two histone modifications is quite limited.
Researchonproteinsorproteincomplexes that containmore than
two chromatin-associatedmodulesmay provide a solution. Given
that there are hundreds of combinations of effector modules in
nature, our understanding of histone communication is still at a
preliminary stage. In addition,most of thepairedmodules areonly
part of largemultimodular proteins or of complexes they reside in.
What happens when three or more histone modifications are
involved, and will these histone modifications be read simultane-
ously or in a sequential order?
Another question relates to the extent towhichDNAorRNA

components are involved in epigenetic regulation. Research on
DNA methyltransferases revealed that Dnmt3L is able to read
unmethylated Lys-4 on H3, which connects the histone-bind-
ing event to de novo DNA methylation through the link
between Dnmt3L and Dnmt3a (49, 50). In addition, there are
also quite a few paired chromatin-associated modules contain-
ing both potential DNA-binding domains and histone-binding
domains such that research on these proteins could provide
insights into the cross-talk between histone and DNA. Small
siRNAs and noncoding RNAs are also well known epigenetic
regulators, with potential connections between histone recog-
nition and RNA regulation, and are likely to become a fascinat-
ing area for future research (51, 52). Furthermore, considering
that histone modification patterns can also change during dif-
ferent stages of the cell cycle and cell development, an under-
standing of dynamic histone communication events as a func-
tion of the cell cycle or different cell lineage may help in the
depiction of a four-dimensional model of histone communica-
tion networks with their regulators.
Structural biology and cell biology methods have long been

shown to play an important role in studying both the in vitro
and in vivo binding processes between histone modifications
and their effector proteins. Like ChIP-on-chip and ChIP
sequencing, ChIP-based bioinformatics analysis has enabled
themapping and understanding of histonemodifications at the
genomic level. When combined with new technology, classical
methods have greatly enhanced our understanding of the com-
plexities associated with the histone code. To an increasing
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extent, in vivo and/or genetics analysis indicates that dysregu-
lation of PTMs may be the causal reason for the onset of mul-
tiple human diseases (53, 54). Recently, pioneering research on
the role of inhibitors of the BRD4 Bromo in cancer therapy has
indicated that histone readers can also serve as targets for drug
design (55, 56). A deeper understanding of the mechanism of
histone cross-talk and its regulation, especially at the nucleo-
some level,may help in structure-based rational design of drugs
to treat histone dysregulation-related human diseases.
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Changes in chromatin architecture induced by epigenetic
mechanisms are essential for normal cellular processes such as
gene expression, DNA repair, and cellular division. Compact
chromatin presents a barrier to these processes and is highly
regulated by epigenetic markers binding to components of the
nucleosome. Histone modifications directly influence chroma-
tin dynamics and facilitate recruitment of additional factors
such as chromatin remodelers and histone chaperones. One
member of this last class of factors, FACT (facilitates chromatin
transcription), is categorized as a histone chaperone critical for
nucleosome reorganization during replication, transcription,
and DNA repair. Significant discoveries regarding the role of
histone chaperones and specifically FACT have come over the
past dozen years from a number of independent laboratories.
Here, we review the structural and biophysical basis for FACT-
mediated nucleosome reorganization and discuss up-to-date
models for FACT function.

Chromatin is a densely packed and tightly regulated nucleo-
protein complex that stores the genetic material of a cell in
a stable yet readily accessible form. In eukaryotic cells, the
repeating core subunit of chromatin is the nucleosome, which
is composed of 147 bp of DNA wound around a histone octa-
mer in nearly two superhelical turns (1). Nucleosome assembly
follows a stepwise mechanism in which the histone (H3-H4)2
tetramer must bind DNA in position before the two histone
H2A-H2B dimers can coordinate with the bound tetramer.
Condensation into polynucleosomal arrays is aided by the
peripheral linker histone H1 and other nucleosome-associated
factors, including histone chaperones (2–4).
Histone chaperones are a diverse family of histone-binding

proteins that shield non-nucleosomal histone-DNA interac-
tions. Histone chaperones sequester core histones from DNA
until a more energetically favorable nucleosomal arrangement
becomes available (5). Histone chaperones, along with ATP-

dependent chromatin remodelers, work to deconvolute high
order chromatin architecture and reorganize individual
nucleosomes to provide accessible DNA templates for cellu-
lar machinery. Not surprisingly, histone chaperones must
also ensure timely reassembly of chromatin following DNA
manipulation. One of these histone chaperones, FACT, is
purported to reorganize nucleosomes through destabiliza-
tion of dimer-tetramer contacts and possibly evicting one
H2A-H2B dimer to allow passage of the transcribing RNA
polymerase through a nucleosomal template (6, 7).

FACT Function and Architecture

Thehuman (h)2 FACTcomplexwas first identified in 1998 as
a factor essential for transcriptional elongation through chro-
matin (6). Further characterization revealed that hFACT is
composed of two subunits (hSpt16 and SSRP1) that are essen-
tial for functionality. hFACT has been shown to form stable
complexes with the histone H2A-H2B dimer and function
through reorganization of nucleosomes within the ORFs of
actively transcribed genes (8). Concurrent research on yeast (y)
FACT suggests that the yFACT complex has roles in DNA rep-
lication in addition to transcriptional regulation (9, 10). As for
DNA repair, FACT has been linked to activation of the tumor
suppressor protein p53 and to histone variant (H2AX-H2B)
exchange in response to induced DNA damage (11, 12).
Whether in transcription, replication, or repair, FACT func-
tions by reorganizing nucleosomes through the disruption of
core histone-histone and histone-DNA interactions. Addition-
ally, the FACT heterodimer possesses the ability to deposit the
H2A-H2B dimer and (H3-H4)2 tetramer onto DNA (13). It
is clear that eukaryotic FACT heterocomplexes contribute
greatly to chromatin dynamics during critical cellular processes
and possess histone chaperone activity.
Two polypeptides first identified as p140 and p80 compose

the human form of the heterodimeric FACT complex (14).
p140 is better known as Spt16 (suppressor of Ty 16) and is a
human homolog of the ySpt16 nuclear protein, which is an
essential factor for normal transcription throughout the yeast
genome (14). hSpt16 also shares a genetic relationship with a
family of transcriptional elongation factors that include Spt4
and transcription factor IIS (14). p80 is identified as a human
form of SSRP1 (structure-specific recognition protein 1),
which is a homolog of the yPob3 (Pol1-binding protein 3)
nuclear protein that has been shown to form heterocom-
plexes with ySpt16 in vivo (15). In addition, SSRP1 contains
an HMG-1 DNA-binding domain implicated in specific
binding to nucleosomal DNA (14). Nucleosome reorganiza-
tion and transcriptional elongation through reconstituted
chromatin templates require hSpt16 and SSRP1 bound in a
heterodimeric complex (14). In contrast, the functional form
of yFACT requires ySpt16, Pob3, and an additional protein
subunit (Nhp6) (16–18).
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Spt16—All eukaryotic forms of the Spt16 protein are com-
posed of three distinct structurally defined domains in combi-
nation with a negatively charged intrinsically disordered C-ter-
minal domain termed here as the N-terminal domain (NTD),
the dimerization domain (DD), the middle domain (MD), and
C-terminal domain (CTD) (Fig. 1) (11, 19, 20). The Spt16 NTD
is highly conserved across all species but has been shown to be
nonessential for yeast viability or nucleosome binding. Genetic
studies in yeast have revealed a partially redundant rolewith the
MD of the Pob3 protein (21–23). Crystal structures of the
ySpt16 NTD coming from two yeast species have been pub-
lished, and both display an aminopeptidase-like “pita bread”
fold (Protein Data Bank codes 3BIP and 3CB5) (Fig. 2, upper
panel) (21, 22). Conserved residues on the surface of the Spt16
NTDhave been implicated in binding toH3 andH4N-terminal
tails, and additional biophysical experiments have demon-
strated a stable physical interactionwith the (H3-H4)2 tetramer
but not with the H2A-H2B dimer (21). Interestingly, further
genetic analysis has provided evidence for a functional relation-
ship between the ySpt16 NTD and the C-terminal “docking
domain” extension of H2A, whereas concurrent mutations
within both domains cause lethality in yeast (22). Although
partially redundant, the Spt16 NTD plays an important role
in FACT-mediated nucleosome reorganization, presumably
through the destabilization of crucial dimer-tetramer
interactions.
Heterodimerization of FACT complexes is coordinated

through theDDof Spt16 and theNTD/DDof SSRP1/Pob3 (Fig.
1) (11). Metazoan and yeast forms of the Spt16 DD are pre-
dicted to be partially unfolded and may be stabilized by the
neighboring MD, which shares some sequence homology with
the MD of SSRP1/Pob3 (29% over a region of 50 residues). The
overall fold and structure of both domains remain unknown;
however, the sequence homology between the Spt16 MD and
the SSRP1/Pob3 MD (structure discussed below) suggests that
their folds may be similar.

The CTD of Spt16 is a highly conserved region of the mole-
cule and is similar to regions found in other histone chaperones
that are thought to directly interact with the basic histone com-
plexes that form the nucleosome core (Fig. 1) (24). Reported
deletion of the CTD in hSpt16 precludes any FACT-nucleo-
some interaction, prevents transcription through chromatin
templates in vitro, and inhibits histone chaperone function (13).
The CTD in ySpt16 is especially acidic, with 37 of the 75 resi-
dues being a negatively charged aspartic or glutamic acid. In
higher eukaryotes such as human and Drosophila, 41 residues
are negatively charged over an aligned 75-residue span. How-
ever, a C-terminal extension neighboring the acidic CTD con-
tains a large proportion of positively charged arginine and
lysine residues. This positively charged extension may provide
an extra level of regulation in higher eukaryotes that does not
exist in yeast.
SSRP1/Pob3-Nhp6—The hSSRP1 protein contains threewell

defined domains designated the NTD/DD, the MD, and the
HMG-1 domain (Fig. 1) (19, 20). Additionally, two highly
charged intrinsically disordered regions surround the HMG-1
domain. Asmentioned previously, the SSRP1 homolog consists
of two separate proteins: Pob3 and the HMG domain-contain-
ing protein Nhp6 (non-histone protein 6) (17). The Pob3 pro-
tein includes two structural domains similar to the SSRP1
NTD/DD and MD with a C-terminal intrinsically disordered
region (19). The NTDs of SSRP1 and Pob3 have both been
implicated as dimerization interfaces with Spt16 through trun-
cation mapping (11, 23). The crystal structure of the first 111
residues of the Pob3 NTD/DD (220 residues total) displays a
single pleckstrin homology (PH) domain (Protein Data Bank
code 3F5R) (Fig. 2, lower panel). It is unclear whether the

FIGURE 1. Domain architecture and structural alignment of the h/yFACT
complexes. The hFACT heterodimeric complex is composed of the hSpt16
(cyan) and SSRP1 (dark green) subunits. Dimerization is accomplished
through specific interactions between adjacent DDs in Spt16 and SSRP1/
Pob3. The yPob3 (light green) protein is analogous to the SSRP1 protein and
combines with ySpt16 and the HMG domain-containing protein Nhp6 to
form the yFACT complex. Structural alignments of the h/ySpt16 subunits and
SSRP1/Pob3-Nhp6 subunits are based upon previous limited proteolysis
experiments and functional analysis of truncated FACT constructs (11, 20,
22, 23).

FIGURE 2. Structural catalog of the individual domains in FACT with
respect to their location in the overall architecture of the complex. Upper
panel, the Spt16 subunit of FACT is shown in blue with the NTD displayed as a
ribbon diagram from the crystal structure of the ySpt16 NTD (22). The struc-
ture reveals an aminopeptidase-like peptide-binding fold suitable for inter-
action with histone tails. The structures of the remaining domains within
h/ySpt16 are presently unknown. Lower panel, the known structures of the
Pob3 subunit of FACT are displayed as respective domains in the Pob3 mol-
ecule. The NTD/DD and MD present similar PH ligand-binding domains (NTD/
DD, single; and MD, double) (Protein Data Bank code 3F5R) (19). The structure
of Nhp6a in complex with DNA is also shown (green) and is aligned with the
HMG domain from SSRP1 (orange) (29, 30). Structures for remaining SSRP1
domains analogous to those shown for Pob3 are unavailable.
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remaining 109 residues comprise a second PH domain or
another type of fold, but limited proteolysis experiments reveal
that this region is structured (19). Alignment of the Pob3
NTD/DD structure with a single PH domain from the pleck-
strin crystal structure (Protein Data Bank code 1PLS) gives a
root mean square deviation (r.m.s.d.) of 3.27 Å, with the seven-
stranded �-barrel and capping helix aligning quite well. In the
structure of the Pob3 NTD/DD, an extended loop connects
�-strands 3 and 4, and this loop is not present in the pleckstrin
structure or sequence. PH domains are characterized by a wide
array of ligand binding, including lipids, small peptides, and
proteins (19, 26). In the context of FACT, the PH domain of the
Pob3 NTD/DD functions as one-half of the Spt16-Pob3 (and
possibly SSRP1) dimerization interface.
The MD of Pob3 has also been well characterized structur-

ally, with the crystal structure of this region displaying a double
PH domain spanning residues 220–447 of the Pob3 protein
(Protein Data Bank code 2GCJ) (Fig. 2, lower panel) (19). The
PH domains of the Pob3MD are both structurally homologous
to the single PH domain of the Pob3NTD/DD, with the second
PHdomain providing a better alignment (PH2 r.m.s.d. of 1.31Å
compared with PH1 r.m.s.d. of 2.87 Å). Genetic screens have
revealed that a highly conserved patch of surface residues,
including glutamine 308, may have a role in transcription (Spt�
phenotype, abnormal transcriptional initiation site selection)
and DNA replication (hydroxyurea sensitivity, a decrease in
dNTP production and DNA synthesis) (19). Structural analysis
of the Q308Kmutant form of the Pob3MD (Protein Data Bank
code 2GCL) revealed a strikingly similar structure to the WT
Pob3MD; thus, the mutant phenotypes are most likely not due
to dramatic structural changes within the molecule (19). How-
ever, incorporation of a basic residue at this site may disrupt
direct interaction with chromatin-related substrates necessary
for transcription and replication processes.
In higher eukaryotes, the SSRP1 protein contains a C-termi-

nal HMG-1 domain, yet in the yeast version of FACT, theHMG
domain is provided separately in the form of the small HMG
box proteinNhp6a/b (Fig. 1). HMGdomains can readily bind to
nucleosomal DNA and may help FACT recognize, bind, and
effectively reorganize chromatin (27, 28). NMR solution struc-
tures of both the HMG-1 domain of SSRP1 (Drosophila mela-
nogaster) (Protein Data Bank code 1WXL) (29) and the yNhp6a
protein (code 1LWM) are available (Fig. 2, lower panel) (30). An
additional Nhp6a structure in complex with SRY DNA, which
contains a recognition site for HMG box proteins (30), has also
been solved using solution NMR (Protein Data Bank code
1J5N) (Fig. 2, lower panel) (30). The Nhp6a-DNA complex
structure reveals a characteristic L-shaped HMG fold interact-
ing with the minor groove in the DNA, whereas an extended
N-terminal region interacts with the adjacent major groove. A
dense network of protein-DNA interactions stabilizes the bind-
ing, which includes numerous highly conserved lysine and argi-
nine residues participating in charged interactions with the
negatively charged phosphate backbone along with hydropho-
bic stacking/wedge interactions between select Nhp6a residues
andDNAbases (amore detailed characterization is provided in
Ref. 30). The structure of the SSRP1 HMG-1 domain is quite
similar to the Nhp6a structure, and the proteins align with an

r.m.s.d. of 2.35 Å. Electrostatic potential maps show similar
charge distributions for the SSRP1 HMG-1 domain, Nhp6a,
and other HMG domains of known structure (29). Compari-
sons betweenDNA-boundNhp6a, unbound versions ofNhp6a,
and the SSRP1 HMG-1 domain suggest that only small struc-
tural changes occur in the protein upon DNA binding; how-
ever, analysis of the DNA before and after binding shows that
the DNA is considerably underwound, the minor groove is
widened, and the DNA displays a significant overall bend
when in complex with Nhp6a (30). The presence of HMG
domains in all forms of FACT, from yeast to humans, shows
that DNA binding is critical to FACT recruitment and
nucleosome reorganization.

“Modifying” FACT Function

Histone Modifications—Epigenetic mechanisms share an
intimate relationship with factors involved in promoting chro-
matin dynamics and nucleosome exchange. Modification(s) of
nucleosome core histones can have consequences for chroma-
tin architecture (see a comprehensive review in Ref. 31). Many
of these epigenetic modifications impart their effect through
direct recruitment or blockage ofmachinery capable of altering
chromatin, such as FACT, CHD1, Asf1, Spt6, SWI/SNF, and
ACF among many others (31). For example, the ATP-depen-
dent chromatin-remodeling factor CHD1 (chromatin organi-
zation modifier, helicase, and DNA-binding domains 1) local-
izes throughout the coding region of actively transcribing genes
through recognition of a trimethylation mark on Lys-4 of his-
tone H3 (H3K4me3) (32–34). CHD1 has also been demon-
strated to physically interact with the FACT complex and may
work to position FACT on nucleosomes within ORFs of active
genes (35, 36). Another epigenetic marker, H2BK120ub1 (his-
tone H2Bmonoubiquitination at lysine 120), is associated with
transcriptional elongation and is dependent upon the PAF
(RNA polymerase-associating factor) complex (37–39). Yeast
genetic analysis has revealed that the PAF complex functionally
interacts with FACT, and subsequent in vitro experiments con-
firmed a robust physical interaction (40, 41). Furthermore, the
PAF complex and H2B monoubiquitination enhance FACT-me-
diated transcription in a reconstituted chromatin system in vitro
(40). Interestingly, H2A monoubiquitination (H2AK119ub1) by
2A-HUB (histone H2A-homologous to ubiquitin) represses tran-
scriptional initiation through the apparent blockage of FACT
binding to the GAL4 promoter (42). FACT has also been impli-
cated in DNA repair processes and the exchange of histone vari-
ants.ThehistoneH2AvariantH2AX isphosphorylated at Ser-139
(H2AXS139phos) by DNA-dependent protein kinase in response
to DNA damage (43–45). Accordingly, FACT-mediated H2AX
exchange is facilitated by phosphorylation of H2AX. It is hypoth-
esized that changes to the overall nucleosome structure as a result
ofH2AXphosphorylationallowmoreefficient exchangebyFACT
(12).Adiversesetofepigeneticmechanisms influenceFACTfunc-
tion through disruption of nucleosome structure and stability.
This list is certain to expand as research continues to uncover
additional histonemodifications and their effects on chromatin.
Modifications to FACT—In addition to the extensive collec-

tion of histone modifications that influence FACT activity,
other factors physically alter the FACT complex as a response
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to specific cellular conditions. Direct modification of FACT
may provide an intrinsic regulation method for nucleosome
reorganization. One example is the poly(ADP-ribosyl)ation
of the Spt16 subunit of FACT by PARP1 (poly(ADP-ribose)
polymerase 1) in response to genotoxic stress in vivo and the
inability of poly(ADP-ribosyl)ated FACT to bind nucleosomes
in vitro (46). Furthermore, PARP1-mediated poly(ADP-ribo-
syl)ation of FACT has been shown to inhibit H2AX-H2B
exchange duringDNAdamage repair (12).Modifications to the
SSRP1 subunit of FACT have also been demonstrated to alter
FACT activity levels. Direct phosphorylation of SSRP1 can
occur through interaction with CK2 (casein kinase 2) (11, 47),
and this modification inhibits nucleosomal DNA binding (20).
Phosphorylation of SSRP1 may act to create a storage pool of
inactive FACT that can be rapidly activated to facilitate changes
in vivo. Physical modification of the Spt16 and SSRP1 subunits
efficiently provides an additional level of control over FACT-
induced nucleosome reorganization and chromatin dynamics.

FACT Functional Models

Many questions remain concerning FACT function and the
mechanisms by which FACT performs its many functions in
vivo. For instance, how is the FACTheterocomplex recruited to
specific sites in chromatin, and by what means is FACT turned
“on” and “off?” Here, we focus on the proposed mechanistic
models for this histone chaperone and on direct nucleosome
reorganization functions of FACT. Two major models exist in
the literature for FACT-mediated nucleosome reorganization.
The “dimer eviction model” proposes that the FACT complex

utilizes its histone chaperone function to actively displace a
single H2A-H2B dimer from a nucleosome to promote DNA
accessibility (13, 14, 48). The “global accessibility/non-eviction
model” suggests that FACT-inducedH2A-H2Bdimer displace-
ment is a nonessential byproduct of FACT action and not
essential for nucleosome reorganization (7, 49). This model
depicts FACT loosening internal contacts within the nucleo-
some and in effect changing its dynamic nature to allow suffi-
cient access to the DNA template.
Dimer Eviction Model—The dimer eviction model describes

the mechanistic details of FACT function based heavily upon
the proposed histone chaperone utility of FACT. This model
proceeds through three basic steps (Fig. 3): step 1a, FACTbind-
ing nucleosomes at a near 1:1 stoichiometry through the acidic
Spt16 CTD; step 2a, FACT-mediated histone H2A-H2B dimer
displacement; and step 3a, reinsertion of the H2A-H2B dimer
after cellular factors such as RNA polymerase II have per-
formed their functions. The FACT heterocomplex has been
shown to readily bind nucleosomes, and in vitro chromatin
transcription assays revealed that maximal FACT activity
occurs when the FACT/nucleosome ratio is near 1:1 (14, 16,
20). The H2A-H2B dimer eviction step in this process (step 2a)
is supported by evidence that FACT binds not only nucleo-
somes but also the H2A-H2B dimer in vitro (14). FACT-medi-
ated hexasome formation occurs as a result of transcriptional
elongation through chromatin templates (13). In accordance,
FACT activity is obstructed by covalent cross-linking of the
nucleosome core histones (14). Supporting research also shows

FIGURE 3. Dual models for FACT-mediated nucleosome reorganization. The dimer eviction model proceeds through the schematic in steps 1a, 2a, and 3a.
In step 1a, the FACT complex binds to the nucleosome, which is thought to be dependent upon the acidic CTD of Spt16 (13) and the N-terminal tails of the core
histones (7). Next (step 2a), the FACT complex binds and evicts a single H2A-H2B dimer, creating a hexasome structure. The last step (step 3a) reinserts the
evicted H2A-H2B dimer (after the cellular machinery has performed the necessary function, i.e. transcription, replication, or DNA repair) to restore a complete
nucleosome. The global accessibility/non-eviction model progresses through steps 1b, 2b, and 3b. This model is also shown using yFACT, which utilizes
numerous copies of Nhp6 to recognize and bind nucleosomes in the first step (step 1b) (18). In step 2b, the ySpt16-Pob3 complex is then recruited to the
Nhp6-bound nucleosome, and binding induces gross conformational changes and accessibility within the nucleosome but without H2A-H2B dimer eviction
(7). The H2A-H2B dimer remains tethered to the nucleosome via FACT, which facilitates reinsertion after relevant cellular processes have concluded (step 3b).
Although the latter model utilizes yFACT, the overall mechanism driving global accessibility without dimer eviction could also be applicable to metazoan forms
of FACT.
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that H2A-H2B dimer dissociation from nucleosomes is inti-
mately associatedwith transcriptional initiation (50), transcrip-
tional elongation (51, 52), replication (53), and DNA damage
repair (12). Finally, FACT may assist in reassembly of the
nucleosome based upon the histone chaperone activity of
FACT (13), and solid evidence showing that disruption of
FACT activity inhibits nucleosome reformation after passage
of the RNA polymerase (54, 55) supports this notion. In all, the
dimer eviction model for FACT-mediated nucleosome disas-
sembly and reconstruction combines numerous lines of evi-
dence that strongly suggests that H2A-H2B dimer dissociation
occurs concomitantly with critical stages in DNA metabolic
processes (i.e. transcription, replication, and repair) and that
FACT activity is critical to nucleosome stabilization subse-
quent to these actions.
Global Accessibility/Non-eviction Model—Is H2A-H2B

dimer eviction the critical activity for or an ancillary conse-
quence of FACT-mediated nucleosome reorganization? The
global accessibility/non-eviction model endorses the latter
notion based primarily on the finding that yFACT can promote
hydroxyl radical and nuclease accessibility without H2A-H2B
dimer displacement in vitro while facilitating transcriptional
activation at theGAL1–10 promoter without significant dimer
loss in vivo (7). This fairly recent model, which was first pro-
posed in 2008 (49), suggests the progression through three dis-
crete steps depicted in Fig. 3: step 1b, Nhp6 binding to the
nucleosome triggers small changes and recruits ySpt16-Pob3;
step 2b, yFACTbinding induces larger reorganization events by
tethering nucleosome components; and step 3b, a wholly intact
nucleosome is restored (Fig. 3) (7). Several key studies have not
only linked Nhp6 to comprehensive yFACT function (10, 16,
17) but have also shown that multiple copies of Nhp6 are
required for yFACT recruitment to nucleosomes (18). The
HMG box domain of Nhp6 permits nucleosome binding in
the absence of the ySpt16-Pob3 complex. In addition, complete
yFACT (ySpt16-Pob3 � Nhp6) binding to nucleosomes pro-
duces large-scale transformations that allow global accessibility
of the nucleosome but do not correspondwithH2A-H2Bdimer
displacement (7, 56). Although it has been shown that yFACT
can causeH2A-H2Bdimer displacement in vitro, the amount of
H2A-H2B dimer loss does not correlate with the level of
nucleosome accessibility (7). In addition, transcription activa-
tion at theGAL1–10 promoter occurs with minimal loss of the
H2A-H2B dimer or (H3-H4)2 tetramer (7). These results sup-
port the notion that the nucleosomal elements are continuously
tethered between FACT and a non-canonical form of the
nucleosome during times of DNA accessibility. Finally, FACT
must be able to reverse action and reestablish a canonical
nucleosome after DNA-linked processes have occurred. A
tightly regulated equilibrium between the accessible and non-
accessible forms of the nucleosome fits well with the idea that
additional chromatin-modulating factors may bind to the
accessible form to further promote cellular processes and are
released upon or inhibited by the non-accessible form (57). It is
also interesting to speculate how epigenetic markers (i.e. his-
tone modifications) might influence the “equilibrium” pro-
posed in this model given that these marks are known to

recruit/inhibit chromatin-modulating factors to chromatin
(31).

Conclusions and Perspectives

Exclusive or Combinatorial Model(s)—Are the potential
mechanisms outlined above mutually exclusive, or can aspects
of both models be correct under certain circumstances?
Another view could be that yeast andmetazoan forms of FACT
may utilize related yet different mechanisms. Some aspects of
the twomodels, which pertain to the h/yFACTarchitecture, are
undoubtedly different, such as the role Nhp6 plays in yFACT
recruitment to nucleosomes. Binding of multiple Nhp6 sub-
units to the nucleosome is required to bring in the Spt16-Pob3
complex and form the complete yFACTcomplex (18). This first
critical step in nucleosome reorganization is different for
higher eukaryotes that do not possess a separateHMGdomain-
containing protein. For these versions of FACT, the conserved
CTD of Spt16 is essential for nucleosome binding and overall
FACT function (13). TheHMG-1 domain contained within the
SSRP1 molecule still plays an important role in FACT-nucleo-
some binding as shown through reduced binding of nucleo-
somes by Spt16 alone when compared with the FACT het-
erodimer (13). The idea that FACT from different species may
operate through opposing mechanisms is also supported by
recent evidence suggesting that the source of histone subunits
within the nucleosomes directly affects stability and dynamics
(7).
Although there are discrepancies between the nucleosome-

binding mode of yeast and metazoan FACT, both forms can
stably bind nucleosomes and function to permit cellular access
to chromatin templates. Thus, the main disparity between the
two previously discussed models stems from H2A-H2B dimer
eviction and its role as an essential step or a by-product of
FACT function. Exchange of the histone variant H2AX is
tightly regulated via phosphorylation and FACT (12). This
implies that the histone chaperone activity of FACT is respon-
sible for physical exchange of histones within select nucleo-
somes during DNA damage repair. Could FACT exert its his-
tone chaperone activity to facilitate histone variant exchange
but function differently during transcriptional elongation,
DNA replication, and/or stress conditions? Conditional func-
tionality in FACT has been shown to occur during replication
stress through the dependence upon normally nonessential
domains in the Spt16 subunit (23). Moreover, the effects of
histone modifications such as the phosphorylation of H2AX
regulating dimer exchange by FACT (12) may contribute to
possible varying functionality of the FACTcomplex. Additional
research will be required to evaluate whether or not FACT can
exert varying degrees of nucleosome reorganization to suit spe-
cific processes in vivo.
Future Directions—The present mechanistic ambiguity sur-

rounding FACT-mediated chromatin dynamics offers a wide
array of opportunities for future research. For instance, a quan-
titative analysis of the numerous purported FACT-nucleosome
interactions would help to clarify mechanistic details of FACT-
dependent nucleosome reorganization. A better understanding
of the roles performed by the individual FACT domains could
determine whether the domains work cooperatively or inde-
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pendently to achieve nucleosome reorganization and/or H2A-
H2B dimer eviction. In addition, do components of the nucleo-
some and other chromatin-associated elements compete for
interaction with FACT, and if so, do these molecules readily
exchange depending upon cellular conditions? Analogous
studies with the histone chaperone Nap1 have clearly demon-
strated that Nap1 works to control non-nucleosomal histone-
DNA interactions until conditions for nucleosome formation
are favorable (58). FACTmay function in a similarmatter based
upon recent reports that FACT prevents the accumulation of
free histones evicted from chromatin and that seizure of these
histones prevents a cell cycle delay in G1 (25). Finally, the holy
grail in the biophysical characterization of FACT-mediated
nucleosome reorganizationwould be a crystal or solution struc-
ture of a FACT-nucleosome complex. High resolution struc-
tural details of the FACT-nucleosome interaction have the
potential to dramatically increase the understanding of FACT
function and could help design future studies aimed at further
mechanistic characterization.
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The discovery of RNA interference has revealed complex
roles for small RNAs in regulating gene expression and cellular
physiology. Small RNAs have been demonstrated to be involved
in post-transcriptional suppression of translation, targeted deg-
radation of messenger RNAs, and transcriptional suppression
via epigenetic modifications of histones and DNA. In fission
yeast, RNAi mediates suppression of centromeric transcripts,
whereas in plants, transcriptional gene silencing appears to be
primarily an antiviral mechanism. In mammals, the well anno-
tated functional role of RNAi is primarily post-transcriptional,
but there is increasing evidence that this mechanism can also
work to suppress or modulate gene transcription, although it is
not clear what primary function this serves. We overview, com-
pare, and contrast the transcriptional silencing pathways in
yeast, plants, and mammals in this article. This minireview is
intended to provide the reader with a framework of how the
RNAi machinery appears to be universally involved in various
aspects of transcriptional regulationwith discussions of similar-
ities and differences in the components and mechanisms of
achieving transcriptional silencing.

The phenomenon of siRNA-triggered transcriptional gene
silencing (TGS)2 is conserved across different phyla. In the fis-
sion yeast Schizosaccharomyces pombe, siRNA TGS is associ-
ated closely with heterochromatin-related gene silencing (1). In
the plant Arabidopsis thaliana, siRNA-mediated TGS is asso-
ciated with the establishment and maintenance of DNAmeth-
ylation (RNA-directed DNA methylation) (2). In mammalian
cells, studies of siRNA-triggered TGS have thus far focused
only on the transcriptional silencing of protein-encoding genes
via the application of promoter-targeted siRNAs (3). Although
different organisms have developed diversified protein players
in this process, some commonly shared features exist, espe-
cially the argonaute proteins. In general, the mechanism of
siRNA TGS is composed of three mutually related parts: 1) the

biogenesis and amplification of siRNA triggers, 2) molecular
interactions involving an Argonaute Protein and a noncoding
or coding RNA, and 3) the accompanied epigenetic changes
such as histone modifications and DNA methylation.

Biogenesis and Amplification of siRNA Triggers

Genetic studies have contributed to establishing a correla-
tion between RNAi and TGS (1, 2). Post-TGS (PTGS) and TGS
share some of the same machinery to produce the siRNA trig-
gers (4). In S. pombe, the major RNAi proteins for siRNA pro-
duction during PTGS and TGS are identical, including the
argonaute protein Ago1, the RNase III enzyme Dicer (Dcr1),
and an RNA-dependent RNA polymerase (Rdp1), all of
which are derived from single-copy genes (5). In contrast,
the plant A. thaliana has developed a more complex system
in which the argonaute proteins Ago4 and Ago6, the nuclear
Dicer enzyme DCL2-4, and the RNA-dependent RNA
polymerase Rdr2 are all required for TGS (6–9). The siRNA
triggers for TGS in plants are mainly 24 nucleotides in
length, which distinguishes them from the 22-nucleotide-
long microRNAs (miRNAs) and other small RNAs (10). In
mammalian cells, the first demonstrations of TGS were arti-
ficially induced using chemically synthesized siRNAs or
siRNAs generated from polymerase (Pol) III-expressed short
hairpin RNA transcripts (11–15). To date, the only mamma-
lian endogenous small RNAs that have been demonstrated to
trigger TGS are miRNAs (16, 17). For convenience, we will
refer to all of the small RNA-triggered chromatin modifica-
tions, including heterochromatin-associated gene silencing
in S. pombe, DNA methylation-mediated inhibition of gene
repression, and miRNA/siRNA-triggered heterochromatin
formation, as TGS.
Several studies have revealed that the biogenesis of TGS

siRNAs in S. pombe is coupled with a sophisticated siRNA
amplification process. The centromeric repeat-originated
siRNAs are used here as an example to illustrate this process
(Fig. 1). In the centromeric region, bidirectional transcripts are
continually generated, which anneal to form dsRNAs (18, 19).
Although in low abundance, these dsRNAs are processed by
dcr1 to generate the initial siRNAs. Once these are loaded into
Ago1, these siRNAs direct the RITS (RNA-induced initiation of
TGS) complex, containing Ago1, Chp1, and Tas3, to the cen-
tromeric region by base pairing with the local nascent tran-
scripts. Simultaneously, RITS recruits the RNA-directed RNA
polymerase complex (RDRC), which generates more dsRNAs
using the nascent transcripts as the templates. These newly
generated dsRNAs are then processed into the secondary
siRNAs by Dcr1, increasing the local concentration of siRNAs.
This model is supported by both genetic and biochemical evi-
dence that shows that RDRC and RITS are mutually required
for localizing to the centromeric region and for the biogenesis
of centromeric siRNAs (19–21). Importantly but somewhat
surprisingly, the production of centromeric siRNAs is also
dependent on Clr4, which catalyzes the methylation of histone
H3K9. RITS recognizes the H3K9me mark through one of its
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components, Chp1, which has a chromodomain (19). In turn,
localization of RITS to the heterochromatin promotes the pro-
duction and amplification of additional siRNAs.
The centromeric siRNAs are 22–25nucleotides in length and

are the products of Dicer (19, 22, 23). A study in which the
Ago1-associated siRNAs were sequenced proved that most of
these siRNAs map to the centromeric region in S. pombe (24,
25). Additionally, these centromeric siRNAs originate from
both strands, without bias. Alternatively, some of these centro-
meric siRNAsmight be the products of the structured unidirec-
tional RNAs generated from the centromeric repeats (26). A
parallel scheme for siRNA generation and amplification in
plants has not been reported.However, several lines of evidence
indicate that plants might exploit a similar strategy. First, the
plant Rdr2 enzyme is homologous to Rdp1 in S. pombe and has
been shown to be indispensible for TGS in plants (6). An
A. thalianamutant strain, drm1/2-cmt3 (DRM (domains rear-
ranged methylase), CMT3 (chromomethylase 3)), in which
DNAmethylation activity is absent, has a greatly reduced abun-
dance of chromatin-targeting siRNAs (27–29). Thus, there is a
requirement for the generation of siRNAs for the establishment
of DNA methylation. The secondary siRNAs, which are the

amplification products of Rdr2, are also detected in a silencing
trigger system (30). A striking and unique feature of siRNA
production in plants is the involvement of two atypical poly-
merases, Pol IV and Pol V (31, 32). These two atypical poly-
merases, together with many other RNAi-associated proteins,
are found to co-localize in the nucleolar siRNA-processing cen-
ter termed the cajal body (33, 34). Of note, these
siRNA-processing centers do not overlap with the DNAmeth-
ylation sites.
To date, in mammals, promoter-targeting siRNA triggers

have either been delivered with cationic lipids and the siRNAs
have been chemically synthesized siRNAs, or they have been
produced from plasmids using promoter-expressed shRNAs.
Two features of siRNA-mediated TGS in mammalian cells
should be noted. First, not all the synthesized promoter-tar-
geted siRNAs or shRNAs induce TGS. In fact, two closely
related siRNAs can have dramatically different efficiencies.
Second, except for a single report (35), it is uncertain how long
the TGS effect can last because siRNAs in particular will be
diluted as cell division continues. To this point, in plant cells, it
was found thatDNAmethylation is reduced, and gene silencing
is released as the siRNA triggers are removed (36). Thus, in

FIGURE 1. siRNA-directed TGS in S. pombe. Step a, low-abundance bidirectional transcripts are generated from the centromeric repeats, and these pair with
the complementary strand derived from the processed siRNAs (primary siRNAs) that are produced by Dcr1. Step b1, the siRNAs are incorporated into Ago1 in
the RITS complex, which is recruited to the centromeric region, where it targets local noncoding transcripts (blue lines). Step b2, alternatively, siRNAs can be
loaded into Ago1 in ARC. In this complex, the siRNAs are maintained as double-stranded structures. Step c1, Ago1 in ARC is transferred to the RITS complex and
recruited to the centromeric region. Step c2, the Ago1-siRNA complex can potentially shuttle to the cytoplasm for PTGS. Step d, RITS and RDRC are mutually
dependent on each other for enrichment in the centromeric region, where RITS and RDRC physically interact. RDRC generates double-stranded RNAs, which
are processed to secondary siRNAs by Dcr1. Step e, secondary siRNAs are more abundant than primary siRNAs and can efficiently direct more RITS complex to
the centromeric region.
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mammals, TGS triggered by exogenous siRNAs differs in dura-
tion and potency comparedwith TGSmediated by endogenous
siRNAs in plants and yeast.

Molecular Interaction Networks Centered on Argonaute
Proteins and Noncoding RNAs

In S. pombe, the central role of Ago1 in TGS is well under-
stood, as it is central in connecting siRNA biogenesis with his-
tone modifications. For instance, in Ago1 mutants, the siRNA
abundance is greatly reduced with a concomitant loss of H3K9
methylation (22). In addition, Ago1 slicing activity is required
for TGS (37). A recent study showed the presence of another
Ago1 complex, named the argonaute siRNA chaperone (ARC),
in S. pombe (38). Interestingly, the slicing activity of Ago1 in
this complex is inhibited by a protein partner, Arb1. When in
this complex, the Ago1 siRNAs are trapped in a precursor state
and are unable to trigger TGS.
The importance of RNA Pol II in S. pombe TGS was first

demonstrated in a study showing that the heterochromatin
remodeling via TGS is compromised in a Pol II mutant (39).
Follow-up research highlighted the interaction between RITS
and the nascent centromeric repeat transcripts, which act as a
platform for the assembly of the TGS machinery (40). In this
study, RITS was tethered to a reporter gene locus via an
�N-peptide, which tethered it to Tas3, which binds to its cog-
nate RNA-binding site BoxB. Strikingly, tethering RITS to the
nascent transcripts resulted in the generation of siRNAs from
the reporter gene and resulted in the generation of siRNAs,
histone H3 Lys-9 methylation, and Swi6 (a kind of chromodo-
main protein in yeast) binding.
In the plant A. thaliana, a different argonaute family mem-

ber, Ago4, was found to interact or co-localize with various
important components in TGS, including RNA Pol IV, RNA
Pol V, and RNA Pol II. As mentioned above, Pol IV and Pol V
are two atypical RNA polymerases uniquely conserved in the
plant kingdom (41). It has been demonstrated that Pol IV acts in
concert with Ago4 upstream of the generation of siRNAs,
whereas Pol V and Ago4 function together downstream of
siRNA production (42–44). Ago4 binds to Pol V tomediate the
production of noncoding transcripts in the intergenic region
required for silencing of overlapping or adjacent genes (33, 45).
However, further studies showed that Pol II and not Pol V is
responsible for transcribing the noncoding RNA scaffold
required for assembling the TGS complex (46). This alternative
model is supported by a recent report showing that Pol II is
associated with Ago4 at the TGS target sites in the nucleus (47).
The same study also identified a new protein, RDM1, which
binds single strands ofmethylated DNA that are unwound dur-
ing Pol V- or Pol II-mediated transcription. The role of RDM1
may be to direct the TGS effector complex to the siRNA com-
plementary target sites.
To date, in mammals, both Ago1 and Ago2, along with RNA

Pol II, have been shown to be involved in siRNA-directed TGS
(13, 14). A direct interaction between the Pol II C-terminal
domain and Ago1 was also detected (14, 15). This interaction
may be conserved in yeast, plants, and animals. However, it is
not clearly understood how Ago1 or Ago2 associates with the

Pol II-generated noncoding transcripts to form the TGS effec-
tor complex.

Histone Modification and DNA Methylation

In S. pombe, Clr4 (a H3K9 methyltransferase) is directly
involved in the initialH3K9methylation aswell as its spreading.
The major components of this process include Clr4, Swi6,
RITS, RDRC, and a CenHDNA element. The CenH region acts
as the nucleation site, which contains repeat sequences that are
homologous to the centromeric region. RITS and RDRC work
in concert withClr4 to establish the initial H3K9memark in the
CenH region (48). However, the spreading of this mark to out-
side the nucleation site requires Swi6 and Clr4. Clr4 can cata-
lyze the methylation of H3K9 and concomitantly bind to this
marker via its chromodomain (49). Swi6 is involved via recruit-
ment of the histone deacetylase complex to promote the
spreading of H3K9 methylation. The RITS component Tas3
promotes H3K9me spreading via interaction with Chp1 (50).
In plants, DNA methylation occurs in three different

sequence contexts: CpG, CpNpG, and CpNpN (where N repre-
sents A, T, or C) (2). CpNpN is an asymmetrical methylation
site. During RNA-directed DNA methylation (TGS in plants),
de novo methylation is mediated by three methyltransferases:
methyltransferases 1 and 2 (DRM1/2) and chromomethyltrans-
ferase 3 (27, 28, 51). The maintenance of DNA CpG methyla-
tion requires another methyltransferase, Met1 (52). In addition
to methyltransferases, chromatin-remodeling proteins such as
DDM1 (decreased in DNA methylation 1), DRD1 (defective in
RNA-directed DNA methylation 1) (53), and CLSY1 (CLASSY
1; also known as CHR38, a putative chromatin-remodeling fac-
tor) have also been shown to be involved in plant TGS.
Histone modification has been shown to function coopera-

tively with DNAmethylation for gene silencing, as indicated by
the silencing of the SUP locus inA. thaliana (54). In this model,
the maintenance of CpNpG methylation is dependent on the
H3K9methyltransferase Kryptonite, which catalyzes H3K9me,
which then allows LHP1 (like heterochromatin protein 1;
homologous to metazoan HP1) to bind. In turn, LHP1 recruits
CMT3 to maintain the methylation state of CpNpG sites (55).
In mammalian cells, there is not yet a good paradigm for
siRNA-induced chromatin modifications. For instance, a
siRNA targeting the EF1A promoter was shown to induceDNA
methylation (11), whereas in a different study, siRNAs did not
trigger DNA methylation of the CDH promoter (12). These
contradictory results are most likely due to the different cell
models and experimental condition used in these studies. Addi-
tionally, the local chromatin structure in which the promoter
residesmight play amajor role in this process, as do the number
and density of CpG motifs.

siRNA-triggered Transcriptional Gene Activation and
Promoter-associated Noncoding Transcripts

Up to now, siRNA-triggered transcriptional gene activation
(TGA) has been described only in human cell lines (56–58). Li
et al. (56) first reported that some promoter-targeting siRNAs
can trigger the activation of the downstream gene. This phe-
nomenon was shown to be sequence-specific, and it involved
Ago2. The transcriptional activation was shown to be accom-
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panied by an increase in the levels of the positive histone
marker H3K4me and was not related to an IFN response. In
another study, siRNA-triggeredTGAwas proposed to bemedi-
ated through targeting of a promoter-associated antisense tran-
script that is the target for the Ago2-siRNA complex (58). The
mechanism by which Ago2 is involved in TGA is currently
unknown. One study suggested that TGA is induced by Ago2-
mediated cleavage of the promoter-associated antisense tran-
scripts, which releases repression of the promoter (59). Accord-
ing to this model, siRNA-triggered TGA is more likely to be a
post-transcriptional process that takes place in either the
nucleus or cytoplasm. However, both TGA and TGS were trig-
gered by siRNAs targeting the progesterone receptor promoter,
suggesting that both TGA and TGS are closely related pro-
cesses (57).
Another striking finding related to siRNA-mediated TGS or

TGA is the complexity of the transcriptome in eukaryotic cells
(29, 60, 61). In human cells, several RNA species were found to
be associated with known gene loci in a genome-wide analysis,
which include promoter-associated RNAs, terminus-associ-
ated small RNAs, and promoter upstream transcripts (62–64).
It will be important to determine whether or not these newly

described RNA species are associated with TGA or TGS in
human cells, perhaps acting as scaffolds for argonaute binding.
Two studies have demonstrated that miRNAs trigger TGS of

nuclear genes via targeting promoter regions (16, 17). These
findings suggest that miRNAs and perhaps siRNAs and Ago
proteins traffic between the cytoplasm and nucleus. Recent
findings from our laboratory demonstrate that such trafficking
indeed occurs via the CRM1 transport carrier, and Ago1, Ago2,
EzH2, Topo2�, and Mta are in a complex that traffics between
the cytoplasm and nucleus (Fig. 2) (65). Thus, cytoplasmically
processed miRNAs or siRNAs (from shRNA precursors) can
enter the nucleus via this mechanism to trigger TGS (Fig. 2).

Future Directions

In comparison with plants and yeast, studies of the mecha-
nismofTGS inmammalian cells are still at an early stage. Three
directions may assist in expanding our knowledge of the mech-
anistic aspects of TGS inmammalian cells. The first is to profile
the genome-wide association of Ago1/2 by using ChIP-on-chip
and DNA sequencing. However, such experiments have to be
designed with caution to differentiate authentic signals from
background noise. The use of an Ago1 or Ago2 knock-out cell
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line would serve as an excellent negative control. In addition,
such experiments require specific anti-Ago1 versus anti-Ago2
antibodies. Establishment of a genome-wide map of Ago1 and
Ago2 chromatin association patterns would be invaluable for
better understanding of TGS and TGA in mammalian cells.
Furthermore, it should be possible to identify the relationship
between Ago-binding sites and other epigenetic markers such
as methylated histones and/or DNA methylation patterns and
methyl DNA-binding proteins.
The second suggested direction is to focus on the gene loci

whose promoter regions overlap with or are included in non-
coding RNA transcripts. As discussed above, noncoding RNAs
seem to act as sources of siRNAs as well as scaffolds for TGS in
both plants and yeast.
The third direction is to learn from studies of TGS in the

other systems. For example, the HxK model, widely used in
plant TGS studies, can be helpful in addressing TGS mecha-
nisms in mammalian cells (66). H constructs express the target
promoter sequences as the TGS triggers, whereas in the K con-
struct, the target promoter controls the expression of a reporter
gene. TGS can be studied in plant progeny after two parent
transgenic plants, carrying the H vector and the K vector,
respectively, are crossed. Such a model has the advantage of
freely manipulating both the target and TGS trigger. Finally, as
newTGS-associated proteins are identified in other organisms,
it will be important to determine whether homologs exist in
mammalian cells and, if so, whether or not these are associated
with TGS or TGA.
It is safe to state that small RNA-triggered TGS and now

TGA are excitingmechanisms formodulating gene expression.
Understanding the details of these processes will add to our
knowledge of the consequences of these phenomena in devel-
opment and ultimately in diseases such as cancer.
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This prologue introduces the thematic minireview series on
computational systems biology. This series was inspired by the
American Society for Biochemistry and Molecular Biology’s
special symposium “Systems Biology for Biochemists,” which
took place in the fall of 2009 and sought to examine the follow-
ing question: how can systems-level analyses be used to gener-
ate and test new hypotheses about the molecular features of
living systems?
Three of the minireviews in the series expand on talks pre-

sented at the 2009 meeting, spanning questions ranging from
the roles of trace elements in biological systems and analyses of
drug action in living cells to computational approaches for the
discovery of new knowledge in the biomedical texts, whereas
the other threeminireviews focus on computational and exper-
imental strategies for studying protein-protein interaction and
metabolic networks.
In the first minireview, Yan Zhang and Vadim N. Gladyshev

show how analysis of genomic representation of enzymes
whose activity is critically dependent on a particular trace ele-
ment, as well as of the proteins involved in acquisition and
insertion of these trace elements into the enzymes, can detect
new pathways for trace element utilization and provide new
mechanistic and evolutionary clues into the function of
metalloenzymes.
The second and thirdminireviews take the quest for detailed

knowledge of the chemical composition of living cells into the
realmofmetabolomics, defined by theMetabolomics Society as
“the comprehensive characterization of the small molecule
metabolites in biological systems.” Among themany challenges
in metabolomics are the needs to develop strategies for detect-
ing the enormous number and diversity of metabolites, for
assessing the relevance of changes inmetabolite concentrations
in complex physiological settings, and for inferring pathways
and regulatory mechanisms from analyses of metabolomic
data. Guo-Fang Zhang, Sushabhan Sadhukhan, Gregory P.
Tochtrop, and Henri Brunengraber discuss emerging solutions
to these problems and show howmetabolomics is beginning to
help in the identification of promising new biomarkers and to
illuminatemetabolic pathways and their regulation.Also essen-
tial are strategies for organizing the results of such studies so
that they can be mined to further our understanding of meta-
bolic networks. Just as databases such as GenBankTM and the
Protein Data Bank allowmining of DNA and protein sequences
and protein or nucleic acid structures, respectively, there are a
growing number of databases focused on metabolites, metabo-

lomes, and metabolic pathways. Such databases and how they
can be used to illuminate novel pathways and enzymatic activ-
ities are the focus of the minireview by Oliver Fiehn, Dinesh K.
Barupal, and Tobias Kind.
The fourth minireview examines ways to glean information

about protein-protein interactions from high-throughput pro-
teomic data, which record the peptide composition of various
partially or highly purified fractions from eukaryotic cells.
Although it is reasonably straightforward to use proteomic data
to define stable components of multiprotein complexes, it has
proved more difficult to deduce specific protein-protein inter-
actions within a given complex or, alternatively, to detect weak
or transient protein-protein interactions. With the arrival of
new preparative methods, as well as improved approaches for
quantitation of proteins in complex mixtures by protein mass
spectrometry, such problems have grown more accessible.
Mihaela E. Sardiu and Michael P. Washburn review computa-
tional and statistical approaches that exploit quantitative pro-
teomic data to address questions of stoichiometry, assembly,
and turnover in protein complexes.
The fifth minireview focuses on the computational analy-

sis of large-scale screens of the effects of small molecules on
living cells. A key issue in drug development is the need to
create strategies for identifying specific drug targets to
understand mechanisms underlying their desirable thera-
peutic effects and, just as important, to anticipate unin-
tended “off-target” side effects. Hon Nian Chua and Freder-
ick P. Roth illustrate how genome- or systems-wide analysis
of the consequences of genetic and chemical perturbations
even in simple model organisms can accelerate discovery of
drug-target interactions.
The sixth and final minireview discusses the application of

computational methods not directly to the results of biomedi-
cal experiments but to new ways of extracting these results
from the scientific articles and books that describe them. An
exciting feature of the new systems biology is its potential to
generate new questions and hypotheses that drive research in
unexpected directions, often in areas that are at the edge of the
investigators’ expertise. With the explosion of the scientific lit-
erature, however, scientists often find it difficult to cope with
the flood of publications even within their own areas of exper-
tise, let alone around the edges. James A. Evans and Andrey
Rzhetsky discuss emerging strategies for mining the literature:
not only to learn what has been reported but also to gain infor-
mation about how a research area has developed and the history
and/or biases that shape the way researchers think about a
problem. Their minireview illustrates the power of text-mining
strategies to identify inconsistencies as well as consistencies in
the conclusions of large numbers of publications addressing

* This minireview will be reprinted in the 2011 Minireview Compendium,
which will be available in January, 2012.
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related problems. Thus, they argue for the need for approaches
to mine the literature that will go beyond just summarizing
what has been reported to provide explicit computational rea-
soning that will help to assess the reliability of conclusions by
considering their internal consistency, biases, and forgotten
and neglected findings.
All in all, we believe the minireviews in this series high-

light the promise of systems approaches for understanding

complex biological processes, and we hope that they will be
both informative and thought-provoking. We hope also that
they will inspire attendance of the upcoming American Soci-
ety for Biochemistry and Molecular Biology’s special sympo-
sium “Chemical, Synthetic and Systems Biology: New Direc-
tions of Biochemistry in the 21st Century,” which will take
place October 12–16, 2011, at the Snowbird Ski and Summer
Resort in Utah.
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Biological trace elements are needed in small quantities but
are used by all living organisms. A growing list of trace element-
dependent proteins and trace element utilization pathways
highlights the importance of these elements for life. In thismini-
review, we focus on recent advances in comparative genomics of
trace elements and explore the evolutionary dynamics of the
dependence of user proteins on these elements. Many zinc pro-
tein families evolved representatives that lack this metal,
whereas selenocysteine in proteins is dynamically exchanged
with cysteine. Several other elements, such as molybdenum and
nickel, have a limited number of user protein families, but they
are strictly dependent on these metals. Comparative genomics
of trace elements provides a foundation for investigating the
fundamental properties, functions, and evolutionary dynamics
of trace element dependence in biology.

All organisms require a regular supply of nutrients. The
major biological elements, carbon, hydrogen, oxygen, nitro-
gen, phosphorus, and sulfur, are present in large quantities
and are the main constituents of nucleic acids, proteins, lip-
ids, cell walls, and mechanical structures (1, 2). There are
also chemical elements, most of which are metals, that are
present in small quantities (known as biological trace ele-
ments), including cobalt, copper, iron, manganese, molybde-
num, nickel, zinc, selenium, and several other elements. The
roles of trace elements primarily involve providing proteins
with unique catalytic, structural, electron transfer, and other
properties. They are used in numerous pathways, and all
organisms utilize at least some of these elements (3–5).
Their deficiency or mutations in genes that handle these
elements often result in abnormal development, metabolic
abnormalities, and even death (6–8).
Among trace elements, some such as zinc and iron appear to

be used by all organisms (9–11). Although organisms that sur-
vive under iron limitation have been reported (12, 13), it is

unclear if they do not use this metal under iron-sufficient con-
ditions. The number of proteins that utilize zinc or iron is large.
For instance, �300 enzyme families require zinc for proper
function (14).Metals are used by a wide range of proteins in the
form ofmetal ions (e.g.manganese, copper, and nickel) or com-
plex metal-containing cofactors (e.g.molybdopterin in the case
of molybdenum and vitamin B12 in the case of cobalt) (15–17).
Selenium is used mainly in the form of selenocysteine (Sec)2
residues in proteins (18).
From the many studies on the functions of trace elements,

metalloproteins emerged as one of themost diverse sets of pro-
teins (19). Some protein families are strictly dependent on cer-
tain metals for their function (e.g. copper in cytochrome c oxi-
dase and nickel in urease), whereas other families include both
metal-dependent and metal-independent forms or evolved to
use alternative metals (e.g. glyoxalase I binds nickel in Esche-
richia coli but zinc in humans and yeast) (20). In addition,
orthologs of selenoproteins exist inwhichCys replaces Sec (21).
These observations highlight complex evolutionary dynamics
of the dependence of proteins on trace elements.
Recent advances in genome sequencing and analysis led to

the development of an exciting new biological field, compara-
tive genomics (22–24). It provides powerful tools for studying
functions and evolutionary changes of genes, thereby offering
new strategies for research in biology and medicine. Initial
genome-wide studies identified a significant number of pro-
teins that bind metals (25, 26) and suggested that information
on the occurrence of metal-dependent/metal-independent
members of protein families can assist in the understanding of
utilization of these micronutrients.
In this minireview, we focus on recent advances in compar-

ative genomics studies of trace elements, discuss user protein
families (i.e. proteins that are known to use certain trace ele-
ments for their proper function) containing metal-dependent
and metal-independent forms, and explore the evolutionary
dynamics of the metal dependence of these families. In addi-
tion, the comparative genomics of interchanges between Sec-
and Cys-containing proteins is discussed.

Zinc

Zinc is thought to be essential for all organisms and was sug-
gested to be a key element in the origin of life (27). It is found in
a great variety of enzymes, structural proteins, transcription
factors, ribosomal proteins, etc. (28). Zinc uptake, storage,
homeostasis, and user proteins have been thoroughly discussed
inmany articles and reviews (14, 28–33), and it is not our inten-
tion to review these subjects here. Instead, taking advantage of
the abundance of zinc-binding protein families, we systemati-
cally analyze their zinc dependence.
An early comparative study was carried out to investigate the

evolutionary history of ribosomal proteins that are encoded in
all genomes and are generally well conserved (34). Members of

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM061603 and CA080946 (to V. N. G.). This is the first article in the
Thematic Minireview Series on Computational Systems Biology. This mini-
review will be reprinted in the 2011 Minireview Compendium, which will
be available in January, 2012.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S3.

1 To whom correspondence should be addressed. E-mail: vgladyshev@rics.
bwh.harvard.edu.

2 The abbreviations used are: Sec, selenocysteine; COX, cytochrome c oxi-
dase; QO, quinol oxidase; NHase, nitrile hydratase; SelP, selenoprotein P.
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each examined ribosomal protein family were extracted from
�40 genomes (mostly bacteria, but mitochondrial ribosomal
proteins were also analyzed). It was found that several ribo-
somal proteins, such as S14, S18, L31–L33, and L36, all of which
bind zinc via four conserved Cys residues (sometimes replaced
by His), also have a second zinc-independent form in which
these metal-chelating residues are partially or completely
degenerated. A typical event the authors observed was that
genomes containing multiple copies of these ribosomal pro-
teins encoded both zinc-dependent and zinc-independent
forms. Further phylogenetic and genomic context analyses
revealed that, in most cases, a duplication of an ancestral zinc-
dependent form had taken place early during evolution, with
subsequent alternative loss of zinc-dependent and zinc-inde-
pendent forms in different lineages. A separate comparative
genomics study analyzed Zur (a repressor of zinc transport)
regulation in bacteria (35). In this study, an unexpected finding
was that zinc repression was also detected in some paralogs of
ribosomal protein genes (such as L36, L33, L31, and S14) in
which zinc-binding motifs were disrupted. This finding sug-
gested a mechanism for maintaining zinc availability under
conditions of zinc starvation, as these non-zinc-binding paral-
ogswere expressed under zinc-restricted conditions to partially
replace the zinc-binding proteins, thereby freeing up some zinc
for utilization by essential zinc-binding proteins. Similar results
were recently reported by another comparative study in which
a subset of proteins in the diverse COG0523 family of putative
metal chaperones were found to play a predominant role in the
response to zinc limitation based on the presence of the corre-
sponding genes downstream from putative Zur-binding sites in
all kingdoms of life (36).
On the basis of these analyses, we asked the question,

“How widespread is the evolutionary strategy involving zinc-
dependent and zinc-independent forms?” To address this
question, we developed a strategy (Fig. 1) that analyzes zinc-
containing proteins with defined ligands in the Protein Data
Bank (PDB) data set against a non-redundant protein data-
base for the occurrence of homologs that lack metal utiliza-
tion.3 For each family, a zinc-dependent form was desig-
nated if a homolog preserved three or four known ligands,
and a zinc-independent form was defined by having fewer
than three known ligands. One complication was that some
zinc-binding proteins were characterized by multiple zinc
sites. Thus, homologs that lost some zinc-binding ligands
could still bind zinc if an additional zinc site was preserved.
Each family that was found to possess zinc-independent
forms was manually analyzed and classified into Group I,
which had �10% zinc-independent forms, and Group II,
which had strictly zinc-dependent proteins. It cannot be
excluded that certain homologs of Group II zinc protein
families could bindmetals other than zinc, but thus far, there
is no reliable computational approach to define metal spec-
ificity. A general representation of the occurrence of zinc-
binding residues in members of the two groups is shown in
supplemental Fig. S1. Approximately 20% of the zinc protein

families in the PDB data set had a significant number of
zinc-independent forms, e.g.methionine-R-sulfoxide reduc-
tase (37), several tRNA synthetases, ribosomal proteins, and
various subunits of DNA polymerase III. Multiple align-
ments of some of these families are shown in Fig. 2.
We also analyzed the predicted zinc dependence of zinc pro-

tein families in hundreds of sequenced bacterial genomes. The
majority of organisms containing these proteins possessed only
single forms (supplemental Fig. S2), i.e. either zinc-dependent
or zinc-independent. Phylogenetic analyses revealed a role of
vertical inheritance and horizontal gene transfer in shaping the
evolution of zinc protein families, which is consistent with pre-
vious observations (34). Overall, all these studies suggested a
general picture of evolution of zinc utilization wherein many
zinc protein families are strictly dependent on zinc, whereas
some families yielded zinc-independent forms by disrupting
ligands to the metal ion. These zinc-independent forms were
already present in the ancestors of prokaryotes and eukaryotes
and are widespread in modern organisms. Further studies are
needed to better understand the nature of regulation of zinc-
independent forms by zinc regulators such as Zur.
Although the loss of the ability to use zinc has taken place in

diverse protein families and in many organisms, zinc remains
one of the most widely used trace elements. A recent compar-
ative genomics study predicted a set of human proteins that
require zinc based on a set of zinc-binding patterns (38).
Approximately 2800 human proteins (10% of the human pro-
teome) were found, most of which contained typical zinc-bind-
ingmotifs (Cys4 or Cys2-His2). Themajority of these zinc-bind-
ing proteins are involved in the regulation of gene expression. A
smaller scale but more extensive study was carried out to ana-
lyze 57 organisms across the three domains of life for an overall
view of zinc usage by these organisms (39). It was found that
putative zinc-dependent metalloproteomes correlated with
proteome size. A significant number of regulatory proteins that3 Y. Zhang and V. N. Gladyshev, unpublished data.

FIGURE 1. Schematic diagram illustrating searches for zinc-dependent
and zinc-independent forms of protein families. Zinc-binding proteins
with PDB-annotated zinc ligands were used as queries.
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bind zincwere identified in eukaryotes, consistent with the idea
that, in higher organisms, zinc is not only important for the
function of numerous proteins and enzymes, but it also regu-
lates gene expression.

Copper

Copper is used by several proteins and enzymes, such as cyto-
chrome c oxidase (COX subunits I and II), copper/zinc super-
oxide dismutase, tyrosinase, and a large number of blue copper
proteins and multicopper oxidases. Cys, His, and sometimes
Met are the major copper-binding ligands in copper-binding
proteins (40). Many previous studies have focused on copper
transport, homeostasis, storage, and copper-binding proteins
(cuproproteins) (40–43), whereas the evolution of copper uti-
lization, especially copper dependence of various cuproprotein
families, has thus far received less attention.
Several comparative genomics studies have been carried out

to analyze copper utilization and to identify cuproproteins and
cuproproteomes in organisms (44–47). These studies provided
a first glance at copper utilization in the three domains of life
and represent a new resource for studying the copper depen-
dence of cuproprotein families. The majority of known cupro-
protein families are strictly dependent on copper, including
copper/zinc superoxide dismutase, blue copper proteins, and
multicopper oxidases (46, 47). However, loss of copper ligands

has been observed inmembers of several cuproprotein families,
which was mostly accompanied by changes in the function of
these proteins.
Cytochrome oxidase is one of the best studied cuproprotein

families and acts as a terminal enzyme in the respiratory chain
in aerobic organisms. Two major subgroups of this family
include COX and quinol oxidase (QO) (48). In COX, both sub-
units I and II contain copper (CuA inCOX II andCuB inCOX I).
However, QO subunit II has lost the CuA center (49, 50). Com-
parative analyses showed that COX is present in themajority of
copper-utilizing organisms from bacteria to humans, whereas
QO has been detected only in some bacteria (47), consistent
with the idea that QO evolved from COX to become a new
bacterial terminal respiratory oxidase that uses another sub-
strate (quinol). At the same time, almost all QO-containing
organisms also have COX.
Tyrosinases (or catechol/polyphenol oxidases) contain a type

3 copper center and are distributed in all three domains of life.
These proteins are essential for pigmentation and are impor-
tant factors in wound healing and primary immune response
(51, 52). The active site of tyrosinase is characterized by a pair of
antiferromagnetically coupled copper ions, named CuA and
CuB (different from the CuA and CuB centers in COX), each
coordinated by three His residues. In animals, two additional

FIGURE 2. Multiple sequence alignments of representative zinc-binding protein families that also have zinc-independent forms. In each protein family,
residues involved in zinc binding are highlighted in red. Other conserved residues are highlighted in black or gray.
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tyrosinase-related proteins (TRP1 and TRP2) that display sig-
nificant homology to tyrosinase and that originated by the
duplication of the ancestral tyrosinase gene were also detected
(53, 54). TRP1 is a 5,6-dihydroxyindole-2-carboxylic acid oxi-
dase, and TRP2 is a dopachrome tautomerase, both of which
are involved in melanin biogenesis (55). TRP1 and TRP2 have
the same six metal-binding His residues as tyrosinase. How-
ever, whereas TRP2 binds zinc, TRP1 binds an unknown metal
that is not copper, zinc, or iron (56). Thus, the specific binding
of different metals by these proteins may be responsible for
their distinct catalytic functions in melanogenesis. It was sug-
gested that mouse TRP2 contains a specific GPGRP motif,
which is absent in TRP1 and tyrosinase (57); however, it is
unclear how to distinguish copper-dependent and copper-in-
dependent forms in the tyrosinase family.We found that a con-
served His is located immediately upstream of one of three His
residues in the CuB site in all characterized tyrosinases, but it is
replaced by Leu in all TRP1 and TRP2 proteins (Fig. 3).
Although this His has not been defined as a copper ligand based
on known PDB structures, a previous study has shown that it is
essential for copper binding in tyrosinase from Aspergillus
oryzae (58). This additional His may play an important role in
binding CuB and may help identify copper-dependent tyrosi-
nases in sequence databases. However, a recent study suggested
the ability of the CuA site in mouse TRP1 to bind copper and
sustain the typical tyrosinase enzymatic activities (59). Further
experiments are needed to verify the metal specificity of the
CuB site in TRP1. It is possible that tyrosinase may acquire
copper inefficiently and subsequently lose it within the trans-
Golgi network of melanocytes and then be reloaded with cop-
per within melanosomes to catalyze melanin synthesis (60).
This scheme would be consistent with the presence of an inac-
tive “copper-independent” form of copper-dependent tyrosin-
ase, suggesting an exquisite and complex spatial control of tyro-
sinase activity.
Hemocyanins are oxygen carrier proteins that are responsi-

ble for precise oxygen delivery from respiratory organs to tis-
sues (61). Hemocyanin also belongs to the type 3 cuproprotein
family and uses six His residues to bind two copper ions (62).
Members of the hemocyanin family have been detected only in
the hemolymph of animals in the phyla Arthropoda and Mol-

lusca. We analyzed sequenced Arthropoda and found that they
contain both copper-dependent and copper-independent
forms of proteins of this family (supplemental Fig. S3), suggest-
ing that they may have co-occurred in the ancestor of modern
arthropods. These copper-independent hemocyanin-derived
proteins (designated hexamerins) were previously thought to
have lost the ability to bind copper and transport oxygen;
instead, they became storage proteins to serve as sources of
amino acids during metamorphosis (63, 64). Interestingly, sim-
ilar to tyrosinase, an additional His was found immediately
upstream of one of three His residues in the first copper site in
all copper-dependent hemocyanins, but it was absent in all cop-
per-independent hexamerins. It is possible that this additional
His is involved in copper binding in hemocyanins.
Other cuproprotein families with known copper ligands

appeared to be strictly dependent on copper. Thus, copper
dependence ismore conserved than zinc dependence, probably
because of the prevalence of catalytic functions of copper in
cuproproteins, whereas in many zinc-containing proteins, zinc
plays more subtle roles, such as structural integrity, that could
also be achieved by other means. Interestingly, a recent study
showed that, in the cyanobacterium Synechocystis PCC 6803,
manganese is utilized by a cupin protein that folds in the cyto-
plasm, whereas copper is utilized by a similar protein that folds
in the periplasm (65). This study revealed a mechanism
whereby the compartment inwhich a protein folds overrides its
binding preference to control its metal content.

Other Transition Metals

Iron and manganese are components of a wide range of pro-
teins, close homologs of whichmay bind othermetals in certain
organisms or under certain conditions. For example, an acido-
philic archaeon, Ferroplasma acidiphilum, was recently identi-
fied to possess a very large number of iron-binding proteins
(�86% of the entire protein repertoire), including many metal-
loproteins that bind different metals (such as zinc and manga-
nese) in other organisms and proteins that are not even known
to bind metal (66). Therefore, it is difficult to study the utiliza-
tion andmetal dependence of their user proteins through com-
putational and comparative genomics approaches.

FIGURE 3. Multiple alignment of three groups of the tyrosinase family. Only CuB-binding sites are shown. Three His residues involved in metal binding are
shown in a red background. A conserved His that is detected only in tyrosinases and that might also be involved in copper binding is highlighted in green.
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Molybdenum is used mainly in the form of molybdopterin
(or molybdenum cofactor) in molybdoenzymes, and nickel is
found only in a limited number of enzymes (such as urease and
nickel-iron hydrogenase) (16, 68). Recent comparative genom-
ics studies have shown that molybdoenzymes are strictly
dependent on this cofactor (47, 69). Similarly, nickel-depen-
dent proteins are strictly dependent on this element (70).
Although additional nickel-binding proteins were reported in
some organisms (such as glyoxalase I) (20), it is unclear how to
distinguish the metal specificity of these proteins. It would be
helpful to identify sequence- and/or structure-based features of
different forms of these protein families, which could then be
used as signatures for further analyses.
Cobalt is found mainly in the corrin ring of vitamin B12, a

cofactor involved in methyl group transfer and rearrangement
reactions (71). In addition, cobalt is also found in several non-
corrin cobalt-containing enzymes, such as nitrile hydratase
(NHase) and methionine aminopeptidase (72). Comparative
genomics studies have shown that all vitamin B12-dependent
proteins contain a B12-binding domain and are strictly depen-
dent on this coenzyme (70, 73). It is very difficult to predict
cobalt-dependent and cobalt-independent forms of non-corrin
cobalt-binding protein families solely based on computational
approaches. To date, only NHase is known to have different
active site motifs for cobalt- and iron-binding forms (74, 75).
We previously found that only several sequenced organisms
(�4%) contain NHases, and most of them are cobalt-binding
proteins. Phylogenetic analyses revealed that the iron-contain-
ing NHases might have evolved from cobalt-binding NHases
(70).

Selenium

Selenium is an essential metalloid micronutrient in many
organisms (including humans) and has antioxidant, redox reg-
ulatory, anti-inflammatory, chemopreventive, and other prop-
erties (76). In contrast to metals, selenium is cotranslationally
inserted into proteins in the form of the Sec residue (18). The
Sec biosynthesis and insertion into selenoproteins involve a
complex molecular machinery that recodes UGA codons (nor-
mally functioning as stop signals) to serve as Sec codons (18, 68,
77, 78).
In recent years, much progress has been made in the discov-

ery of new selenoproteins, most of which were identified by
bioinformatics approaches and further verified by experiments
(79–85). For example, 25 selenoprotein genes were found in
humans and 24 in mice and rats (83). An interesting feature of
these proteins is that almost all selenoproteins havewidespread
homologs in which Sec is replaced with Cys. Thus, selenium
utilization can be examined by analyzing the evolutionary
dynamics of selenium-dependent (selenoprotein) and seleni-
um-independent (Cys-containing) forms of various selenopro-
tein families. Sec can greatly increase the catalytic activity of
proteins compared with their Cys-containing homologs (86,
87). However, the question of why Sec is used very selectively in
proteins and organisms has not been fully answered.
We have carried out comparative studies to analyze selenium

utilization and evolution of selenoproteomes (88–91). To identify
conversion events between Sec- and Cys-containing forms in sel-

enoprotein families, we used the approach illustrated in Fig.
4A. If a single selenoprotein clustered with several closely
related Cys-containing sequences, a Cys 3 Sec conversion
(selenoprotein evolved from a Cys-containing protein) could
be inferred. Similarly, if a Cys-containing form clustered
with several closely related Sec-containing sequences, we
inferred a Cys3 Sec conversion (89). In prokaryotes, Cys3
Sec appeared to be a general trend for evolution of seleno-
proteins, especially those in selenoprotein-rich organisms
(Deltaproteobacteria and Clostridia). However, the observa-
tions that the size of most selenoproteomes was generally
small (one to three selenoproteins) and that more than half
of the examined organisms lacked selenoproteins were
inconsistent with the Cys 3 Sec trend that should have
resulted in widespread occurrence of selenoproteins. It
appears that the evolution of new selenoproteins is balanced
by selenoprotein loss events, even in closely related organ-
isms in the same phylum. To verify this possibility, we devel-
oped the approach shown in Fig. 4B. We selected several
sister and relatively distant species for each Sec-utilizing
organism in the same phylum and individually analyzed each
of their selenoproteins. If less than two sister species and at
least two distantly related organisms contained either Sec-
or Cys-containing orthologs, the corresponding selenopro-
tein family was predicted to be subject to family loss (or loss
in progress) in the phylum. With this approach, selenopro-
tein gene loss events were observed in many sister species of
selenoprotein-rich organisms, suggesting a dynamic balance
between Sec acquisition and selenoprotein loss in these
organisms. These findings may partially explain the discrep-
ancy between catalytic advantages offered by Sec and its
restricted use in nature.
The situation in eukaryotes appears to be more complex.

Sec-containing forms ofmanymammalian selenoproteinswere
detected in unicellular eukaryotes, suggesting the ancient ori-
gin of these selenoproteins (90). It was proposed that many

FIGURE 4. Analyses of evolutionary trends of selenoproteins. A, a strategy
to identify events of conversion between Sec- and Cys-containing forms in
protein families. B, a strategy to identify selenoprotein loss events in sister
species. See text for details.
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ancestral selenoproteins were preserved in vertebrates, green
algae, and a variety of protists. In contrast, land plants, fungi,
nematodes, insects, and some unicellular eukaryotes mani-
festedmassive independent losses of selenoproteins or even the
entire Sec utilization trait (90). In contrast to prokaryotes, fewer
Cys3 Sec and Sec3Cys conversion events were observed for
eukaryotic selenoprotein families. The difficulties for such con-
versions are probably related to a complex Sec insertion
machinery in eukaryotes. Interestingly, large selenoproteomes
tend to occur in aquatic organisms, whereas the organisms that
lack selenoproteins or have small selenoproteomes are mostly
terrestrial (90). These results suggest that additional factors
(such as stable environment, bioavailability of selenium, UV
radiation, and oxygen content) may be involved in preserving
selenoproteins in aquatic organisms or in the loss of these pro-
teins in terrestrial organisms. Another comparative study
focused on selenoprotein P (SelP; the only mammalian seleno-
protein with multiple Sec residues) and selenoproteomes of
SelP-containing organisms (91). The number of Sec residues in
mammalian SelP varied by �2-fold and was lowest in rodents
and primates. Compared with mammals, fish had more Sec
residues in SelP and larger selenoproteomes. It was shown that
several fish (such as Danio rerio) selenoproteins had Cys-con-
taining homologs in mammals, whereas no fish had Cys-con-
taining homologs of mammalian selenoproteins, suggesting
unidirectional replacement of Sec inmammals (i.e. Sec (fish)3
Cys (mammals)). At the same time, some fish selenoproteins
that were also found in invertebrates had no homologs inmam-
mals, suggesting loss of these proteins during evolution of
mammals. Further analysis of the frequency of Sec3 Cys and
Cys3 Sec changes in SelP indicated that the Sec3 Cys tran-
sitions occurred 10 times more often than the Cys3 Sec tran-
sitions (91). These data suggested that analyses of SelP, seleno-
proteomes, and Sec/Cys transitions may provide a genetic
marker of selenium utilization in vertebrates.
The evolutionary dynamics of Sec- and Cys-containing

forms and their conversions require improved statistical mod-
els for future studies. Recent analyses of the evolution of verte-
brate selenoproteins indicated strict selection across Sec and
Cys sites, which is consistentwith a unique role of Sec in protein
function and its low exchangeability with Cys (92, 93). It was
also suggested that distinct biochemical properties of Sec,
rather than the geographical distribution of selenium, oxygen
levels, or Sec metabolic cost, play a role in driving adaptive
changes in vertebrate selenoproteomes (92). In the future, addi-
tional genomic data and statistical models are needed to fully
address these questions in both vertebrates and other
organisms.

Conclusions

Comparative genomics provides a powerful tool for studying
trace element utilization and its evolutionary trends. Most of
these studies used strategies based on either identification of
metalloproteomes using metal-binding motifs or investigation
of trace element utilization traits (e.g. transporters, cofactor
biosynthesis pathways, and user proteins). Currently, it is diffi-
cult to identify complete metalloproteomes for most metals as
there is no reliable method to predict all metal-binding pro-

teins. A very recent study that was based on liquid chromatog-
raphy, high-throughput tandemmass spectrometry, and induc-
tively coupled plasma mass spectrometry analyses showed that
metalloproteomes are much more extensive and diverse than
previously recognized (67). Nevertheless, comparative studies
have provided significant advances in our understanding of the
general principles of utilization of trace elements across the
three domains of life. These studies offer new insights and help
to understand the evolutionary dynamics of trace element
dependence in proteins and organisms. In this minireview, we
have discussed recent comparative genomics advances for
studying the metal dependence of metal-binding protein fami-
lies and the selenium dependence of selenoprotein families.
Most metal-independent proteins evolved from original metal-
dependent forms that use zinc and copper, whereas molybde-
num, nickel, and vitamin B12 are uniquely used and cannot be
easily replaced or lost while preserving protein function.On the
other hand, almost all selenoproteins have Cys-containing
homologs, and analyses of Sec/Cys conversion events provide a
great tool for examining the evolution of selenium utilization.
In the next few years, with the increased availability of
sequenced genomes and improved tools for their analyses,
comparative genomics should play a significant role in the bet-
ter understanding of trace element utilization and evolution.
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Metabolomics is a data-based research strategy, the aims of
which are to identify biomarker pictures of metabolic systems
and metabolic perturbations and to formulate hypotheses to be
tested. It involves the assay by mass spectrometry or NMR of
many metabolites present in the biological system investigated.
In this minireview, we outline studies in which metabolomics
led to useful biomarkers of metabolic processes. We also illus-
trate how the discovery potential of metabolomics is enhanced
by associating it with stable isotopic techniques.

Metabolomics developed in the early 2000s as part of the
omics movement, which transformed the research strategy
of many biomedical disciplines. Hypothesis-based research
remained the Golden Rule of biological investigation (Fig.
1A). However, in many cases, the formulation of hypotheses
had become difficult or impossible for lack of sufficient
information on the increasingly complex problems investi-
gated. The data-based research strategy of metabolomics
would yield biomarker pictures of the metabolome under
basal and modulated conditions (Fig. 1B). Analysis of the
biomarker pictures would, in favorable cases, allow the
formulation of hypotheses and their subsequent testing.
Hypothesis-based and data-based approaches are comple-
mentary and are best carried out iteratively to advance
knowledge (1). Metabolomics applied to a given problem can
sometimes yield unexpected findings that were not related to
the original problem investigated (Fig. 1B). This can lead to
new avenues of research.
Initial metabolomic studies were pioneered by Nicholson

and co-workers (2–5), Fiehn and co-workers (6–8), and others
(9, 10). Nicholson coined the word “metabonomics” to mean
“the dynamicmetabolic response of living systems to biological
stimuli,” in contrast to “metabolomics,” viewed to mean “the
analytical description of complex biological samples.” As
acknowledged by Nicholson, the two terms are used inter-
changeably. In the United States, the development of metabo-
lomics was spurred by the 2003 Metabolomic Roadmap Initia-
tive of theNational Institutes ofHealth, the goal ofwhichwas to
remove roadblocks to discovery in biomedical research.

Metabolomics evolved in different directions. In its initial
and most commonly used format, metabolomics involves the
non-targeted measurement, mostly by mass spectrometry
and/or NMR, of the concentrations of all assayable metabolites
present in a biological sample. Estimates of the number of
metabolites in mammalian and plant cells range from 3000 to
8000 (Human Metabolome Database) (12). Of these, only a
small fraction is currently assayable in most cases. A number
of metabolites present in mammalian and plant cells are of
exogenous origin: compounds derived from the intestinal
microbiome, drugs, pesticides, and environmental pollut-
ants. A second format targets classes or sets of metabolites,
the concentrations of which are likely to provide useful
information on the process investigated. A third format
associates metabolomics (non-targeted or targeted) with
stable isotope technologies to yield concentrations and
labeling patterns of metabolites.
Metabolomic investigations use sophisticated analytical

techniques to identify and evaluate the concentrations of large
numbers of known and unknown metabolites. The identifica-
tion of known metabolites is often difficult because pure stan-
dards of many compounds are not available. Also, the cost of
setting up large collections of standards is prohibitive. The
Metabolomic Standard Initiative of the National Institutes of
Health and other groups are working on setting up collections
of standards (and mixtures of standards) available to investiga-
tors (13–15). The problem is alleviated by the publication and
commercialization of electronic libraries of metabolomic anal-
yses by GC-MS (16) or LC-MS. These libraries list retention
times and characteristic ions of hundreds of compounds. Each
library is specific to one type of chromatographic column and,
for GC-MS libraries, one type of derivatization and ionization
(usuallymethoximation� trimethylsilylation and electron ion-
ization). Many detected compounds are not identified and are
listed as “mass spectral tags” or “events” with their retention
times and ion spectra.
Some of the reported concentrations are absolute, i.e.

expressed in chemical units. This is achieved when stable
isotope-labeled internal standards or unlabeled non-biolog-
ical standards of analog compounds are available. Such
standards allow the use of multiple-point calibration curves.
This is doable for only a small number of metabolites. In
many cases, the reported concentrations are relative to one or
one of a few reference standards added to the sample. The refer-
ence standards are either unnatural compounds or heavy mass
isotopomers of natural compounds, e.g. [13C6]glucose or
3-hydroxy[2H6]butyrate. The linearity of the (signal of analyte)/
(signal of reference standard) ratios cannot always be assessed,
especially (i) when standards of analytes are not available and
(ii) when unidentified compounds are monitored. One option
proposed for metabolomic studies in microorganisms is to
use, as a mixture of labeled internal standards, an extract of
Saccharomyces cerevisiae grown on fully 13C-labeled sub-
strates: [13C6]glucose� [13C2]ethanol (17). Then, themass iso-
topomer distribution of the labeled internal standards does not
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overlap with the mass isotopomer distribution of the corre-
sponding naturally labeled analytes with at least three carbons.
The absolute or relative concentrations of known and

unknownmetabolites are analyzed by statisticalmethods (prin-
cipal component analysis, partial least squares, etc.). This
allows sets of samples to be differentiated. The data of statistical
analyses are presented as graphs and heat maps (18). The sta-
tistical analysis of metabolomic data is beyond the scope of this
minireview.

Classical Metabolomics

As a tool to generate a hypothesis to be tested, metabolomics
is not a quick route to discovery because it imposes a sometimes
long and arduous first phase in an investigation. This explains
why the vast majority of metabolomic studies published to date
(namely �4000 papers) are limited to the first phase, i.e. bio-
marker discovery. The interpretation of biomarker profiles is
often very difficult, especially when many concentrations
vary between groups, such as diabetic versus control (19). In
such cases, the formulation of hypotheses to explain the vari-
ations in metabolite profiles is difficult and frequently
impossible. The above statements are not meant to deny the
value of biomarker profiling in biological, medical, and phar-
macological investigations, as illustrated by the following
examples, but rather highlight a challenge for the field going
forward.
Sreekumar et al. (18) recently conducted an extensive

metabolomic study of prostate cancer. They reported that the
content of sarcosine (N-methylglycine) in prostate biopsies or
in urine allows the differentiation of benign prostate condi-
tions, noninvasive carcinoma, and invasive carcinoma (see Fig.
3A of Ref. 18). Also, the sarcosine contents of invasive cancer
cell lines were higher compared with benign prostate epithelial
cells. The authors concluded that “components of the sarcosine
pathway may have potential as biomarkers of prostate cancer
progression and serve as new avenues for therapeutic interven-
tion.” If this finding is confirmed, testing for sarcosine in pros-
tate biopsies and urine could prevent the unnecessary and
debilitating treatment of many patients with noninvasive pros-
tate cancer. This is amajor public health problembecausemany
men age 70 and above have noninvasive prostate carcinoma.
In rats injected with a large dose of acetaminophen, the for-

mation ofN-acetyl-p-benzoquinone imine leads to depletion of
liver glutathione. Soga et al. (20) reported that the decrease in

the plasma and liver concentrations of glutathione is mirrored
by increases in the concentration of ophthalmate, a glutathione
analog (glutamate/2-aminobutyrate/glycine). Because glutathi-
one and ophthalmate are synthesized by the same enzymes (Fig.
2), the authors proposed the following sequence of events: oxi-
dative stress 3 depletion of glutathione 3 derepression of
�-glutamylcysteine synthetase3 depletion of cysteine3 acti-
vation of ophthalmate synthesis. They also hypothesized that
ophthalmate “may be a new biomarker for oxidative stress.”
This is a promising avenue of research.
In a study on the regulation of gluconeogenesis and the citric

acid cycle in perfused rat livers, Yang et al. (21) found that two
inhibitors of gluconeogenesis form adducts with keto acids,
which are intermediates of gluconeogenesis. Aminooxyacetate,
which inhibits the aminotransferases involved in gluconeogen-
esis from lactate (22), forms adducts with pyruvate, �-ketogl-
utarate, and oxaloacetate (Fig. 3A). The formation of the pyru-
vate adduct (carboxymethoxylamine) had been hypothesized
in 1972 but not demonstrated (23). Mercaptopicolinate, a
strong inhibitor of P-enolpyruvate carboxykinase (24), forms
an adduct with pyruvate (mercaptopicolinyl pyruvate hemi-
thioketal) (Fig. 3B). The rapid formation of these adducts
was demonstrated by in vitro experiments in which mixed
solutions of keto acid and inhibitor were infused, just after
mixing, in the source of a mass spectrometer (21). These

FIGURE 1. A, Golden Rule of scientific investigation. B, strategy and outcomes of metabolomic studies.

FIGURE 2. Parallel syntheses of glutathione and ophthalmate by the same
enzymes. GCS, �-glutamylcysteine synthetase; GS, glutathione synthetase;
2AB, 2-aminobutyrate.
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adducts may exert metabolic effects unrelated to their effect
on gluconeogenesis.

Isotopomer Analysis Adds Value to Metabolomics

The steady-state concentration of a metabolite can result
from many combinations of its rate(s) of synthesis and its
rate(s) of disposal. Increases or decreases in the concentrations
of metabolites are frequently ascribed to increases or decreases
in the fluxes through the pathways thesemetabolites are part of.
This is seldom justified in the absence of flux measurements.
For example, when an anaplerotic substrate passes through
some of the reactions of the citric acid cycle, the concentrations
of only some of the cycle intermediates increase. Also, in rat
hearts perfused with increasing concentrations of propionate,
only the malate concentration increases (25). This finding does
not allow any conclusion to be made on the modulation by
propionate of the flux of acetyl oxidation in the citric acid cycle.
Therefore, in the absence of isotopic tracers, it is seldom possi-
ble to infer variations in flux rates from variations inmetabolite
concentrations. Because mass spectrometry and NMR allow
the calculation of isotopic enrichments, the measurement of
metabolic fluxes with substrates enriched with stable isotopes
does not require the acquisition of additional equipment.
Another advantage of using 13C-labeled substrates in

metabolomic experiments is the possibility of discovering new
metabolites, reactions, and pathways from the pattern of label
distribution in the metabolome (Fig. 1B). A typical strategy
involves comparing electron ionization GC-MS traces, in full
ion scan mode, from experiments conducted with unlabeled
substrate, fully 13C-labeled substrate, and a 50:50 mixture of
unlabeled and fully 13C-labeled substrate. Using a GC-pyroly-
sis-isotope ratio mass spectrometer also equipped with a qua-
drupole detector allows the identification of peaks labeled from
the original substrate. This is achieved by superposing the qua-

drupole and the isotope ratio traces. Also, non-targeted fate
detection (26) enables the quantitative detection of all measur-
able metabolites derived from a specific labeled compound.
“Without a priori knowledge of a reaction network or com-
pound library, the mass isotopomer distribution of labeled
compounds provides information about relative fluxes into
each metabolite pool (even when the labeled metabolite is not
identified).” The technique is applicable to substrates labeled
with 13C, 15N, 33S, or 18O. The following examples illustrate the
potential of the association of metabolomics and isotopomer
analysis.
Chen et al. (27) searched for new metabolites of acetamino-

phen by injecting mice with 2,3,5,6-[2H4]acetaminophen,
[2H3]acetyl acetaminophen, or the unlabeled compounds.
Using a combination of mass isotopomer analysis,2 accurate
mass measurement, and tandem mass spectrometry fragmen-
tation, they identified four new metabolites associated with
acetaminophen toxicity. The distribution of these metabolites
was different in Cyp2e1-null mice compared with wild-type
mice. The data suggest a role of Cyp2e1 in the oxidative stress
induced by high doses of acetaminophen.
Boren et al. (28) investigated themechanism bywhich butyr-

ate, generated by the intestinal microbiome, induces cell
differentiation in HT29 human colon adenocarcinoma cells.
They incubated HT29 cells with [1,2-13C2]glucose or [1,2-
13C2]butyrate in the presence of the other unlabeled substrate.
[1,2-13C2]Glucose is an interesting tracer because the derived
ribose units incorporated into nucleic acids are singly or doubly
labeledwhen ribose is formed by the oxidative or non-oxidative
branch of the pentose phosphate pathway, respectively (29).
The mass isotopomer distribution of long-chain fatty acids

2 Mass isotopomers are designated as M, M1, M2, . . . Mn, where n is the num-
ber of heavy atoms in the molecule.

FIGURE 3. A, formation of adducts by spontaneous reaction of pyruvate (PYR) and aminooxyacetate (AOA). B, mercaptopicolinate (MPA) and pyruvate.
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allowed the calculation of the contributions of glucose and
butyrate to the acetyl-CoA that is used for fatty acid synthesis
and for oxidation in the citric acid cycle. In HT29 cells, increas-
ing concentrations of butyrate inhibited glucose uptake, glu-
cose oxidation, and nucleic acid ribose synthesis. The butyrate
carbon replaced the glucose carbon for de novo fatty acid syn-
thesis and citric acid cycle flux. These effects were not observed
in MIA pancreatic adenocarcinoma cells, which are butyrate-
insensitive. The data suggest, “The mechanism by which colon
carcinoma cells acquire a differentiated phenotype is through a
replacement of glucose for butyrate as the main carbon source
for macromolecule biosynthesis and energy production.”
A series of isotopic studies have demonstrated the reversibil-

ity of the citric acid cycle reactions between citrate and �-keto-
glutarate (Fig. 4A), despite the fact that the equilibrium of isoci-

trate dehydrogenase is far toward �-ketoglutarate. In rat livers
perfused with 1 mM [13C5]glutamine or [13C5]glutamate, a sub-
stantial fraction of citrate was M5, i.e. labeled on five carbons
(30). SuchM5 labeling of citrate could not occur via the forward
reactions of the citric acid cycle. One could argue that the
increase in �-ketoglutarate concentration induced by gluta-
mine or glutamate displaced the unfavorable equilibrium of
isocitrate dehydrogenase. However, in perfusions with 10%
13C-enriched bicarbonate (and no glutamine or glutamate),
the degree of labeling of C-6 of citrate could only be explained
by the reversal of isocitrate dehydrogenase � aconitase (31).
The reversibility of the reactions between citrate and �-ketogl-
utarate allows some cells to synthesize long-chain fatty acid
from glutamine via citrate and ATP-citrate lyase. For example,
in brown adipocytes incubated with [13C5]glutamine or
[1-13C]glutamine, 90% of the flux of glutamine to lipids occurs
via the following sequence: glutamine3 glutamate3 �-keto-
glutarate 3 isocitrate 3 citrate 3 acetyl-CoA 3 fatty acids
(Fig. 4A) (32).
4-Hydroxy acids are drugs of abuse (C4, C5) or are derived

from the metabolism of C9 and C6 4-hydroxyalkenals (4-hy-
droxynonenal, 4-hydroxyhexenal) formed by lipid peroxida-
tion. Zhang et al. (33) found that 4-hydroxy acids are metabo-
lized in the liver, heart, and brain via a new class of acyl-CoA, i.e.
4-phosphoacyl-CoAs. The latter, identified by accurate mass
spectrometry and NMR, are formed by the action of a new
kinase on 4-hydroxyacyl-CoAs. The identification of 4-phos-
phoacyl-CoAs illustrates the type of unexpected findings that
may come out of a metabolomic study (Fig. 1B). In livers per-
fused with 4-hydroxy[3,4-13C2]nonanoate, Zhang et al. found
that the substrate ismetabolized by twonewpathways (Fig. 4B).
In pathway A, 4-phospho[3,4-13C2]nonanoyl-CoA is an inter-
mediate in the isomerization of 4-hydroxy[3,4-13C2]nonanoyl-
CoA to 3-hydroxy[3,4-13C2]nonanoyl-CoA. The latter under-
goes �-oxidation to doubly labeled acetyl-CoA � unlabeled
propionyl-CoA. In pathway B, 4-hydroxy[3,4-13C2]nonanoyl-
CoA undergoes a sequence of �-oxidation, �-oxidation, and
�-oxidation reactions, forming [13C]formate � singly labeled
acetyl-CoA � unlabeled acetyl-CoA. The (M2 acetyl-CoA)/
(M1 acetyl-CoA) enrichment ratio allows the calculation of the
(pathway A)/(pathway B) flux ratio. The key to the identifica-
tion of pathways A and B was the design of the labeling and the
synthesis of 4-hydroxy[3,4-13C2]nonanoate, which also allowed
careful quantification of the relative flux down each pathway
(11). 4-Hydroxy acids with at least five carbons are catabolized
via pathways A and B. 4-Hydroxybutyrate, which also forms a
4-phosphoacyl-CoA, undergoes different catabolic processes,
including two parallel pairs of �-oxidation and �-oxidation
processes.3

Conclusions

During the pre-genomics era, metabolic research has pro-
gressively evolved from (i) the identification of fairly small
number of metabolites, to (ii) investigations of factors that
result in variations of the concentrations of these metabolites,

3 G.-F. Zhang, S. Sadhukhan, G. P. Tochtrop, and H. Brunengraber, manuscript
in preparation.

FIGURE 4. A, scheme of the citric acid cycle and lipogenesis via ATP-citrate
lyase. The scheme emphasizes (i) the reversibility of the conversion of citrate
to isocitrate (ICIT) and �-ketoglutarate via aconitase and isocitrate dehydro-
genase (ICDH) and (ii) the set of reactions by which carbons 4 and 5 of gluta-
mine are used for fatty acid (FA) and sterol synthesis in some mammalian cells
(red arrows). B, scheme of the catabolism of 4-hydroxy acids with at least five
carbons using 4-hydroxy[3,4-13C2]nonanoate as an example (modified from
Ref. 33). Carbons 3 and 4 of the substrate are colored red and green, respec-
tively, to facilitate the tracing of their fates through pathways A and B. Path-
way A includes 4-phosphononanoyl-CoA. Note that the doubly labeled sub-
strate forms acetyl-CoA, part of which is doubly labeled (M2) via pathway A
and singly labeled (M1) via pathway B. Formate, derived from carbon 3 of the
substrate, is formed via pathway B.
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to (iii) investigations with radioactive and stable isotopes to
calculate metabolic fluxes and to identify pathway steps and
regulatory mechanisms. In reflecting on the above evolution,
one concludes that metabolic research has come full circle over
the last century: from the study of the variations of the concen-
trations of fairly small numbers of metabolites to the study of
the variations of the concentrations of very large number of
metabolites (metabolomics). On the basis of the historical evo-
lution of research strategies, one can predict that present-day
metabolomics is just a step in the logical progression to the
integration between metabolomics and the most advanced iso-
topic techniques, i.e. isotopomer analysis. The direct and rapid
move to this next level ofmetabolomics has enormous potential
for increasing biomedical knowledge and improving public
health.
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Metabolomics can map the large metabolic diversity in spe-
cies, organs, or cell types. In addition to gains in enzyme speci-
ficity, many enzymes have retained substrate and reaction
promiscuity. Enzyme promiscuity and the large number of
enzymes with unknown enzyme function may explain the
presence of a plethora of unidentified compounds in metabo-
lomic studies. Cataloguing the identity and differential abun-
dance of all detectable metabolites in metabolomic reposito-
ries may detail which compounds and pathways contribute to
vital biological functions. The current status in metabolic
databases is reviewed concomitant with tools to map and
visualize the metabolome.

Biological databases are indispensable for comparing
genomes, proteins, and biological regulation. GenBankTM, Pro-
tein Data Bank (PDB), and Gene Expression Omnibus (GEO)
are prime examples of how collecting biological information in
a coherent manner enables novel insights into evolution and to
derive testable hypotheses for gene function, yet biochemical
databases on substrate-product relationships and organism-
specific metabolic networks have lagged behind. Much of this
lag is due to the inherent complexity of enzymology. Small
changes in protein folding or in mutations in catalytic sites not
onlymay change reaction kinetics but also have large impact on
substrate specificity. Enzymes may have much broader sub-
strate specificity than usually considered. Moreover, many
enzymes exert reaction promiscuity (1), which is exploited in
bioengineering but which also complicates the reconstruction
ofmetabolic networks. Low-abundant enzymatic side reactions
have likely not been reported in favor of the dominant and
apparently biologically relevant functions and are consequently
lacking in biochemical databases, yet such side reactions may
become themajor enzyme function through evolutionary pres-
sure. Hence, the number of metabolites per species (or per cell
type inmulticellular organisms) is hard to predict except for the
most conserved metabolic pathways.
Accordingly, a surprisingly small fraction of detectedmetab-

olites can be readily identified by sensitive screening tools
such as HPLC- or GC-coupled MS (Fig. 1). It appears that the
metabolome is much larger than anticipated. Phenotypes of

species need to be determined by their individual metabolic
capacities, defined by the plasticity and flexibility of their met-
abolic networks. Metabolites can act as intracellular and extra-
cellular signals at very low concentrations and enable commu-
nication between organs, aswell as servemultiple and vital roles
for species in their ecological niches, e.g. for defense or repro-
ductive purposes.

Metabolome Diversity Originates from Enzyme
Substrate and Reaction Promiscuity

Enzyme evolution has progressed to ever more biochemical
specificity. Hence, scientific reports and consequently bio-
chemical databases emphasize specificity over diversity. On the
other hand, it is well known that substrate specificity can still be
broad (e.g. lipases (2)), and the exact substrate preferences often
remain unclear or untested. Enzymes may use a broad range
of substrates yet remain high stereospecificity (3). Different
ligands may induce large conformational changes in the cyto-
chrome P450 enzymes, leading to different kinetic parameters,
e.g. in metabolizing exogenous compounds in humans (4). In
fact, many enzymes still lack rigorous functional characteriza-
tions and are only broadly classified as “cytochrome P450” or
“oxidoreductases.” Such classifications are too vague to deduce
enzyme functions in genome-basedmetabolic reconstructions.
Enzymes may also exert specific and promiscuous compart-

ments in the same catalytic site, as shown for human carboxy-
lesterase 1, which can even bind two different molecules simul-
taneously (5). Moreover, substrate ambiguity may exert large
survival benefits for microorganisms, e.g. for detoxifying a
range of different exogenous compounds simultaneously (6).
Besides accepting diverse substrates, enzymes may also cat-

alyze more than one biochemical reaction, called enzyme
promiscuity. It has been shown that enzymes may perform
novel catalytic reactions elsewhere than in the previously iden-
tified catalytic site (7), as has been shown, for example, for phos-
photriesterase (8). This phenomenon can explain how infec-
tious microbes may quickly develop resistance against drug
therapies but can also be experimentally verified in forced evo-
lution experiments (9). Indeed, even structurally unrelated pro-
teins may perform the same reactions (on a primitive scale)
(10), thus explaining metabolic diversity as well as the limited
impact of knock-out mutations that is often observed. The abil-
ityof recoveringandmagnifyingpromiscuouscatalytic reactions is
even useful for synthesis of new chemicals (11) or for metabolic
engineering, which strives to advance metabolic capacities in
organisms (12, 13). Enzyme evolution and retention of promiscu-
ity may thus explain the size of the metabolome (Fig. 2).
Exploring the array of potential substrates in a high-

throughputmanner and simultaneously testing reaction prom-
iscuity call for unbiased reliable assays such as metabolomic
techniques. Metabolomic technology has matured to enrich
biochemical databases by hypothesis-driven biochemical
research and could also be employed for broad analysis of
mutant collections and metabolic diversity of species or to fill
gaps in metabolic networks. Current biochemical and metabo-
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lomic databases can be largely distinguished by the respective
input data in repositories that focus on genes, pathways, and
enzymes and libraries that are focused on compound-centric
data (Table 1).

Reconstructing Genomic Information toward Enzymes
and Pathways

Genomes of ever more species are being sequenced. Open
reading frames are first tentatively annotated and later
enriched, curated, and complemented by the research commu-

nity interested in that species, including highlighting pathway
gaps. For this work, a range of tools have been developed, com-
piled in the BioCyc pathway tool collections (14). Genome-re-
constructed metabolic databases are now available for hun-
dreds of species, most of which are automatically annotated.
Curation of these databases depends heavily on the input of
users from the biochemical community as exemplified for
mammalian systems (HumanCyc and MouseCyc) to plants
(AraCyc (15), MedicCyc, and RiceCyc) and microbial data-
bases, e.g. Escherichia coli (16) and yeast (17). The umbrella
databases MetaCyc and BioCyc (18) today cover more than
1500 organisms and 1100 metabolic pathways. Interestingly,
newly sequenced organisms often do not convey many novel
predicted enzymes or pathways, pointing to the relatively poor
annotation of substrate specificity for non-primary metabo-
lism, e.g. for the P450 enzyme superfamily. By evaluating the
number of enzymes, reactions, and chemical compounds
deposited in MetaCyc, it becomes apparent that the number of
biochemical entities increasesmore rapidly than the number of
pathways, indicating that many of the newly added enzymatic
reactions are not yet connected into the broadermetabolic net-
work. Here, gap filling by verifying missing links through
metabolome analysis might be highly fruitful.
A similar approach for genomic reconstruction has been pre-

sented by the Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway Database, which can either be used as a
generic pathway tool or be restricted to specific organisms (19).
The LIGAND repository within the KEGG Database is one of
the best known and most often used reference databases of
substrate-product reaction pairs (KEGG RPAIR). Within the
past year, the KEGG LIGAND Database has increased from
15,217 metabolites to 16,746 compounds that are assigned to
5317 enzymes and 12,457 reaction pairs. Unfortunately, the
LIGAND Database comprised many erroneous structures,
often concerning stereochemistry (20). KEGG covers 366 ref-
erence pathways that are assigned to 1550 taxonomic species,
mostly automatically annotated without extensive curation.
Nevertheless, this automatic annotation can be used to con-

FIGURE 1. Metabolome diversity observed by MS. Shown are the results
from cold injection GC/TOF MS of human ileal effluent (70). Upper panel, total
ion chromatogram for a 10-s retention time window out of a 20-min chromat-
ogram. Lower panel, extracted ion chromatogram for the same 10-s retention
time window. As each ion trace can be deconvoluted into individual peaks
with resolved mass spectra, many co-eluting compounds can be separated
and identified. Novel compounds of unknown structure are detected along
with known “primary” metabolites. Compound 1, unknown; compound 2,
unknown; compound 3, serine; compound 4, unknown; compound 5, benzoic
acid; compound 6, unknown; compound 7, glycerol; compound 8, ethanola-
mine; compound 9, phosphate; compound 10, isoleucine.

FIGURE 2. Enzyme evolution toward higher specificity, retaining some substrate and reaction ambiguity. Shown is a schematic diagram of the origin of
metabolome diversity between species and within species (adapted from Ref. 1). Given the currently accepted model of enzyme evolution by gene duplication
and subsequent specialization, a generalist progenitor enzyme may have performed catalytic reactions (a and b) on substrates (A, B, and C). The phylogenetic
tree for this enzyme may have led to isoenzymes that accept only substrate B for reaction a, whereas others retained some level of substrate and reaction
ambiguity, leading to higher metabolome diversity (e.g. adding reaction a to substrate C or accepting the novel substrate D for reactions a and b).
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strain KEGG to species-related information (18, 21–23). Of a
total of 3575 EC numbers stored in the KEGG Pathway Data-
base, 1269 have more than one reaction annotation. Interest-
ingly, �1200 reactions in KEGG do not have EC annotations,
and about half of allmetabolites deposited inKEGGdonot have
any reaction annotation. These compoundsmight be formedby
chemical rather than biochemical reactions; however, it seems
more likely that there are many metabolites included in KEGG
that are not yet linked to enzymes and genes. For example,
the plant hormone methyl salicylate is present as a com-
pound in LIGAND (C12305) but is not associated with the
enzyme salicylate methyltransferase, which can be retrieved
from the better curated AraCyc Database as AtBSMT1
(At3g11480). A number of tools guide KEGG queries, e.g. the
KEGG BRITE collection of hierarchical classifications and
links to a range of further genomics databases such as the
National Center for Biotechnology Information (NCBI),
UniProt, Swiss-Prot, and BRENDA, the classic enzyme data-
base that has recently extended its functionality (24).
KEGG, BioCyc, and Reactome (25) are now storedwithin the

umbrella database NCBI BioSystems to link pathway informa-
tion to the well established Entrez (22). The NCBI BioSystems
Database is accessible via web services and Entrez query tools.
Similar query functionalities are presented by the BioMart,
Pathway Commons, and MetaCyc “advanced search” tools.
MetaCyc provides an extensive description of its pathways with
literature references; such description is lacking in the KEGG
Database. To improve and accelerate the process of curating
metabolic pathways, the WikiPathways Database has been
developed recently (21).WikiPathways enables the community
at large to construct, curate, and submit pathway maps. The
maps are providedwith descriptions, hyperlinks, and literature.
Within the past 2 years, the WikiPathways Database has com-
piled �1300 pathways. These pathway maps can be visualized
online (26) or can be downloaded and imported inCytoscape or
PathVisio software for visualization (27). Data sets of metabo-
lome or gene expressions can be visualized on these pathways
using an Atlas mapper.

Metabolome Databases

Cataloging the metabolome itself by experimental data and
by literature information can complement genomic recon-
structions of metabolism. Just like for pathways, information
can be generated by information mining, as demonstrated for

the Flavonoid Viewer through MediaWiki (28). Metabolome
repositories are compound-centric databases that may be
enriched by mass spectral libraries or links to pathway data-
bases. They link the chemical identity of metabolites to pres-
ence and potentially to concentrations in a species, organ, or
cell type. It is of paramount importance that the underlying
database information is based on the chemical structure, not on
names or “identifiers.” Metabolite names are not unambiguous
identifiers, as metabolites may be naturally occurring in differ-
ent chiral forms, e.g. D- and L-amino acids. Hence, the best
annotation for a metabolite is its chemical structure. Encoding
the structure in a string of letters in an open access format
was standardized by the International Union of Pure and
Applied Chemistry (IUPAC) in 2004 by introducing the
International Chemical Identifier (InChI) code. This code
has been abbreviated as InChI hash key to be readily used in
tables or publications.

Linking Compounds to Chemical and Biological
Information

A wealth of information is available through published liter-
ature, some of which can be accessed through generic chemis-
try databases. CAS, the Chemical Abstracts ServiceDatabase, is
a fee-based service that compiles published literature on a
compound-by-compound basis (29), comprising �50 million
unique chemical substances. CAS does not distinguish bio-
chemical metabolites from man-made small molecules. CAS
also restricts batch downloads for chemical structures, com-
pound names, or other metadata to be used for retrieving the
complement of all chemicals that had been previously reported
for a given species. Compound annotation by CAS numbers
may change over time. For example, a variety of CAS numbers
can be found for a single structure such as ribosylnicotinamide,
which is annotated as 19131-72-7, 20299-13-2, 954368-04-8,
and 1341-23-7 (30). CAS entries are also not linked to biochem-
ical pathways databases.
Alternatively, public databases have been constructed. Most

importantly, PubChem (31) presents a very versatile, open
access database for small molecules. It ismaintained at NCBI as
part of the Entrez information retrieval system (32). Records for
PubChem compound identifiers have increased to �31million
unique structures. All PubChem contents can be freely down-
loaded in batch mode, including compound properties such as
lipophilicity, protondonor number, synonyms, andpharmacol-
ogy and toxicology information. PubChem compound identifi-
ers are linked to many other biochemical databases, from PDB
to KEGG. Unlike CAS, PubChem is not a literature-curated
database but depends on depositor information. Hence, Pub-
Chem compounds cannot be queried for presence or concen-
trations in biological species, biofluids, or tissues. A third exam-
ple of a chemistry-focused database is Chemical Entities of
Biological Interest (ChEBI) (33, 34). ChEBI compounds can be
queried using chemical ontologies, enabling searches by chem-
ical class information such as “D-aldohexose.” At this point,
ChEBI does not store concentration data for species, organs, or
cells.
Because of the lack of species-related metabolome informa-

tion in chemistry resources, researchers have started collecting

TABLE 1
Overview of selected biochemical and chemical databases for
metabolomics

Pathway- and enzyme-centric
databases and tools

Compound-centric databases
Chemical
databases

Spectral
libraries

�400 MetaCyc databases (18) PubChem (31) MassBank (38)
KEGG (19) ChemSpider (61) PlantMetabolomics (45)
BRENDA (24) ChEBI (33) BinBase/SetupX (47)
Reactome (25) HMDB (35) GMD (39)
YeastNet (17) KNApSAcK (36) Kazusa OMICS
SMPDB (65) CAS (29) NMRShiftDB (53)
MetPA (64) NIST MS (51)
Ingenuity Systems IPA METLIN (25)
Ariadne Genomics Pathway
Studio

GeneGo MetaCore
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information from literature. Most prominently, the Human
Metabolome Database (HMDB Version 2.5) has been con-
structed over the past 5 years to detail information for almost
8000 metabolites that are present in human organs or reported
in conjunction with human health (35). Related databases that
compile information about exogenous human metabolites, e.g.
phytochemical components from food or metabolites of xeno-
biotics, are stored in accessory repositories (DrugBank and
FooDB). HMDB stores concentrations for �4000 metabolites
for a variety of tissues and body fluids and can thus now serve as
a reference repository to compare metabolome data. HMDB
can serve as a leading example of how further metabolome lit-
erature databases might be compiled.
Mammals have only limited anabolic capacities due to their

adaptation to the diversity of micronutrients in their food, e.g.
vitamins. Hence, natural products have been listed in the
KNApSAcK repository (36). KNApSAcK is a species/metabo-
lite database focused mostly on complex plant metabolites. Its
size has doubled from 25,000 metabolites in 2008 to �50,000
entries in 2010. An alternative source, extending from plant
metabolites to small molecules from microorganisms and
fungi, is the commercial Dictionary of Natural Products (37).
This library boasts 200,000 literature-based secondary plant,
fungal, and microbial metabolites, including taxonomic refer-
ence species for most of the structures. Batch downloads of up
to 100 search results are permitted.

Databases Linking Metabolomic Data to Compound
Information

Finally, metabolome data repositories exist that are geared
toward comprehensive identification of small molecules in bio-
logical samples, with the aim to unravel biochemical relation-
ships, gene function annotation, and potentially biological
function via statistical comparison of data sets. Several public
databases store and disseminate spectral information for
metabolites, and some databases exist for which experimental
profiles can be downloaded, including raw annotated metabo-
lite tables and raw files.
MassBank denotes a very ambitious project: the collection of

a very large range of mass spectra from different instrument
platforms and currently 15 collaborating institutions (38).
MassBank entries span many metabolite classes. At current,
�27,000 spectra have been collected from �13,000 com-
pounds. Almost half of the spectra account for electron ioniza-
tion mass spectra used in GC/MS analysis. However, it is
unclear how many redundant spectra are housed and to what
extent spectra are freely available, e.g. to develop new fragmen-
tation algorithms. An alternative accurate mass database is the
Kazusa OMICS Database, which resulted from a landmark
paper on use of mass spectral data processing for compound
identification. A process for metabolite annotations was out-
lined that was based on high-resolution accurate mass analysis
by HPLC/electrospray/Fourier transform ion cyclotron reso-
nance MS (40). Accurate masses for isotope clusters above a
signal/noise ratio of 3:1 were averaged, and potential elemental
formulas were calculated within 1-ppm mass windows. These
formulas were constrained by heuristic rules similar to the
those published in “Seven Golden Rules” (41) and compared

between positive and negative electrospray ionization. A total
of 869 metabolite peaks were detected in tomato, albeit still
lacking metabolites that are very difficult to ionize by electro-
spray, e.g. carotenoids. A thorough comparison with previous
work and published tomato metabolites (42, 43) led to the con-
clusion that at least 494 novel metabolites were detected (40).
However, only 3.6% of all peaks were identifiable using authen-
tic standards due to the vast complexity of plant natural prod-
ucts and the limited availability of pure reference chemicals.
Annotation plausibility was further categorized using a novel
approach (40): first, MS/MS spectra were interrogated for
shared ions amongmetabolites and whether identical mass dif-
ferences were observed for these compounds. Approximately
37% of the detected metabolites were assigned as “biologically
relevant” using this schema. Aglycone backboneswere found to
be supplemented by additions of caffeic acid, amino groups,
hydroxyl groups, hexoses, deoxyhexoses, malonic acid, or cou-
maric acid. Interestingly, a novel modification was detected as
the addition of C3H7NO2S, which points to cysteine addition.
Suchmodification had never been reported before for chalcone
and flavonoid aglycones. Analysis of mutant plants led the
authors to suggest a novel pathway from �-tomatine to esculo-
side, exemplifying how metabolomics can generate novel bio-
chemical hypotheses to be tested in follow-up studies (40).
A less elaborate protocol using data fromHPLC/quadrupole/

TOFMSwas used to suggest novel metabolites in seeds ofAra-
bidopsis thaliana (44). Data sets of extracts ofmutant andwild-
type seeds were manually investigated for ion pairs formed by
molecular ions and accompanying in-source fragmentation
ions. These parent ion clusters were subsequently further
investigated by MS/MS or in-source MS3 mass spectral acqui-
sitions. The information obtained fromMS/MS andMS3 spec-
tra was applied as neutral loss substructure constraint into cal-
culations of element formulas. Subsequently, the KNApSAcK
(36), CAS, and PubChem (31) databases were queried to enu-
merate potential candidate structures. Comparative analysis of
chalcone synthase and chalcone isomerase mutants eventually
assigned novel phenolic choline esters that were suggested to
indicate additional branch points in phenylpropanoid meta-
bolic pathways (44).
Complementing HPLC/MS metabolomic investigations are

databases for GC/electron ionization MS. BinBase/SetupX is a
combined resource for metabolomic GC/TOF MS profiles
using TOFMS (46). Data annotations employ the BinBase algo-
rithm (47), which identifies metabolites based onmass spectral
and retention index library matching using �2000 spectra of
authentic reference compounds (48). BinBase maintains data
for �25,000 samples that were acquired from �420 studies of
�70 biological species. Each sample is associated with detailed
information on taxonomy, genotypes, organs, cells, and exper-
imental treatment data (biotic or abiotic treatments; time
courses). A similar resource for freely downloadable GC/elec-
tron ionization mass spectra is available through the Golm
Metabolome Database (GMD) (49). GMD has been recently
updated by added functionalities such as substructure annota-
tion for unidentifiedmetabolites (50), similar to thewell known
substructure features given in the NIST MS software (51). The
library details compounds by referencing to other databases
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such as KEGG as well as InChI codes but does not comprise
taxonomic or biological metadata. GMD has a very useful asso-
ciated web service that allows automatic programmatic access
(Representational State Transfer (REST)).
For metabolome analysis by NMR, two repositories are

prominent. First, the Madison Metabolomics Consortium
Database (MMCD) reports�700 experimental carbon, proton,
and two-dimensional NMR spectra of a diverse set of metabo-
lites (52). The compounds are well annotated using KEGG and
PubChem identifiers to enable comparisons with other
resources. Raw data are freely downloadable for academic pur-
poses and comprise different types of NMR spectra for each
compound such as one-dimensional 1H and 13C files as well as
two-dimensional 1H-1H total correlation spectroscopic spectra
and 1H-13C heteronuclear single quantum coherence data. An
alternative open NMR database, NMRShiftDB (53), is main-
tained at the European Bioinformatics Institute.

Mapping and Visualization of Metabolomic Data to
Biochemical Pathways

Once metabolome data are annotated by hundreds of iden-
tified metabolites, one might be tempted to map these com-
pounds according to their location on pathway overview charts.
A range of studies and reviews have been published (54–57) to
demonstrate how a database can be used to integrate, query,
and visualize pathway results (58, 59). A straightforward solu-
tion is presented by the KEGG “pathway mapping” tool, which
directly displays metabolites on metabolic network graphs.
More advanced variants first employ statistics assessments
using the open R Project and subsequently use the Bioconduc-
tor tool (60). It has been shown thatmultiple pathwaymaps can
be combined to construct a global pathway overview (19, 62). In
addition, the KEGG Atlas mapping (61) and iPath (63) tools
map data on global pathway graphs.More often,metabolic pro-
filing studies include multiple class experiments such as wild-
type/genotype or drug/non-drug treatmentswithmultiple time
points. Publicly available database services such as MetPA (64)
and the Small Molecule Pathway Database (SMPDB) (65) can
be used to visualize the coverage of submitted metabolites
on different pathways. Commercial tools, including GeneGo
MetaCore, Ingenuity Systems IPA, and Ariadne Genomics
Pathway Studio, are oriented mostly toward microarray gene
expression and proteomics data but recently also increased the
coverage for small molecules and metabolic pathway analysis
by actively analyzing the published literature.
Themoremetabolite nodes are visualized in a single pathway

map, the more difficult it is to see details and obtain informa-
tion on both larger biochemical modules and reactions. A web-
based zoomable Pathway Projector has recently been proposed
using the KEGG Atlas and Google Map technologies for
magnifying details on global metabolic maps (66). However,
such approaches necessarily fail when input metabolites (or
enzymes) are not included in KEGG Atlas. Indeed, metabolo-
mic surveys often detect novel metabolites for which no enzy-
matic reaction has been established. Moreover, biochemical
pathwaymaps detail all intermediary steps, whereas in a biolog-
ical sample, only some of the metabolites in a pathway might
accumulate enough to be detectable. Hence, direct mapping

approaches yield sparsely populated pathway charts. More
abstract approaches have been used following the well known
modular organization of biological systems (67). MapMan
leaves out many low-abundant intermediates and summarizes
metabolites into predefined sets of biochemical modules, e.g.
TCA cycle, carbohydrates, amino acid biosynthesis, and glycol-
ysis (68). These preset boxes are then superimposed with sta-
tistical analysis of metabolite expression to display differential
regulation and hence enable highlighting the most prominent
changes in biochemistry when looking at large data sets. As an
alternative, network graphsmay be used (69). A reconstruction
of metabolic networks has been proposed (70) that employs
biochemical and chemical similarity distances to visualize met-
abolic relationships and differential regulation in the open
source Cytoscape tool (Fig. 3) (71). Metabolites are first
mapped to presence in the KEGGRPAIRDatabase to provide a
core biochemical structure, to which all identified metabolites
are linked via their chemical similarity index. Chemical similar-
ities are calculated viamatrices that are obtained by decompos-
ing all compounds into sets of substructures in the PubChem
tool. Last, unknown metabolites can be mapped by calculating
scores for mass spectral similarities to known compounds. As
an example, a published data file onmetabolic regulation of the
human ileal effluent was downloaded from BinBase/SetupX
(72) and used for network construction in Fig. 3.
Analysis of the overall topology of biochemical networks can

lead to novel insights into metabolic capacities of cells (73).
Large-scale metabolic interactions have to be founded on the
actual biochemical transformations that are performed. Earlier
focus in computational analysis of metabolism had been geared
toward mere node/edge topology analysis (74), but seemingly
tight connectivities in topology networks are based mostly on
hub metabolites like ATP and water and do not convey actual
modifications of carbons and functional groups. Stoichiometric
analysis of metabolism has been performed with great success
for mapping microbial pathways in flux-constraint models (75,
76), and a combination ofmetabolome analysis of accumulating
metabolites with genomic and fluxomic investigations appears
to be most promising.

FIGURE 3. Mapping metabolome regulation on biochemical networks.
Shown is the regulation of the human ileal effluent metabolome after versus
before ileostomy surgery (70), magnified for the carbohydrate cluster. Iden-
tified metabolites are mapped to the biochemical KEGG RPAIR Database and
chemical similarity (green edges, dashed if �600 similarity), spanning a net-
work displayed in Cytoscape. Unknown metabolites (BinBase Metabolome
Database numbers (48)) are added by mass spectral similarity (red edges,
dashed if �600 similarity). Red node metabolites are significantly increased in
concentration (p � 0.05), blue nodes mark decreased compounds, and yellow
nodes (small print) are not regulated. Node size indicates magnitude of
change.
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Perspective

This minireview has focused on enzyme pathways and
metabolome databases that are deemed critical for more in-
depth understanding of metabolic architectures. Quantitative
considerations have been left out here but will be critical for
using such databases, e.g. as constraints in flux-balance analysis.
A range of metabolic pathway databases and public chemistry
repositories can be used today as a backbone to understand
metabolomic surveys. Lack of data on substrate specificity for
large enzyme classes (ligases, P450, and oxidoreductases)
explains the difficulty in identifying the plethora of detected
signals and their biochemical relationships. Even for the best
studied organisms such as yeast and E. coli, we cannot accu-
rately enumerate the size of the minor-abundant compound
metabolome, although a consensus exists for the major meta-
bolic network in yeast (17).
Novel tools that suggest enzymatic relationships between

novel metabolites may be exploited in the future (77). As of
today, metabolomics can cover large parts of genome-recon-
structed networks and is highly useful in targeted fluxomic
investigations (78). However, novel pathways and novel
enzymatic actions are more likely to be discovered in the vast
array of species-specific metabolism (79), including lipid
transformations.
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The systematic characterization of the whole interactomes of
differentmodel organisms has revealed that the eukaryotic pro-
teome is highly interconnected.Therefore, biological research is
progressively shifting away from classical approaches that focus
only on a few proteins toward whole protein interaction net-
works to describe the relationship of proteins in biological pro-
cesses. In thisminireview,we survey themost commonmethods
for the systematic identification of protein interactions and
exemplify different strategies for the generation of protein
interaction networks. In particular, we will focus on the recent
development of protein interaction networks derived from
quantitative proteomics data sets.

Global efforts in a variety ofmodel organisms have been con-
ducted or are still under way to understand biological processes
or whole organisms at the systems level. Among these, a signif-
icant focus is on the elucidation of protein interactions because
protein interactions are focal points in almost all cellular pro-
cesses. Within a cell, protein interactions range from pairwise,
as in the case of ligand-receptor binding during signal transduc-
tion, to the formation of macromolecular protein complexes
such as the RNA polymerase complexes or the processosome.
However, the vast number of interacting proteins (an average
protein interacts with several different partners) and the com-
plexity of protein interactions (for example, many proteins are
members of distinct protein complexes) (1–3) require efficient
means to display and visualize protein interactions. The main
approach used toward this goal is the construction of protein
interaction networks. Such networks might either describe
local subsets of protein interactions such as the relationship of
proteins within a protein complex or under certain biological
conditions or eventually depict all global protein interactions
on the scale of a whole organism. In this minireview, we will
survey themajor experimentalmethods applied for the system-
atic analysis of protein interactions and examine the alternative
approaches to deduce protein interaction networks from the
different medium- and large-scale data sets.

Methods for Determination of Protein-Protein
Interactions

The yeast two-hybrid system, originally published in 1989
(4), allows the profiling of protein interactions of any two pro-
teins and may be scaled up to cover the whole proteome of an
organism. To measure the capability of two proteins to physi-
cally interact, one protein (the “bait”) is fused to the DNA-
binding domain of the yeast protein Gal4, whereas the second
protein (the “prey”) is fused to the transactivation domain of
Gal4. Physical binding of bait and prey is assayed by the activity
of a reporter, which is driven by a specific sequence motif rec-
ognized by the Gal4 DNA-binding domain (Fig. 1A, panel a).
The yeast two-hybrid system has been successfully applied to
screen for the whole protein interactome of different eukary-
otic species such as Saccharomyces cerevisiae (5, 6), Caenorh-
abditis elegans (7), and Drosophila melanogaster (8) as well as
for a partial human interactome (9, 10).
The yeast two-hybrid system allows screening for protein

interactions of any eukaryotic species under in vivo conditions;
however, whenever heterologous proteins of higher eukaryotes
are assayed, the systemwill give reliable results only if the post-
transcriptional modifications of the two proteins are conserved
in yeast. In addition, false results may be observed if additional
proteins present in yeast cells positively or negatively affect the
binding of the two proteins assayed or if the bait or prey protein
itself harbors a transcriptional activator or repressor activity.
To overcome this limitation, powerful mammalian two-hybrid
systems have been developed (reviewed in Ref. 11). These sys-
tems are not as easily scaled as the yeast two-hybrid system and
have been used to study more focused networks (reviewed in
Ref. 11).
Affinity purification-mass spectrometry (APMS)2 is based on

the biochemical purification of proteins from cell extracts.
After purification, the proteins bound (preys) to the protein
purified (bait) are determined usingMS (Fig. 1A, panel b). This
strategy allows the identification of protein interactions under
the physiological conditions within a cell. Several different
affinity purification strategies have been employed, the most
popular being tandem affinity purification (TAP), in which the
bait protein is fused to the IgG-binding domain of Staphylococ-
cus aureus protein A and a calmodulin-binding peptide, sepa-
rated by a tobacco etch virus protease cleavage site (12). TAP-
tagged proteins are first purified using IgG beads and, after
being released using tobacco etch virus protease, by calmodu-
lin-coated beads. This dual purification strategy strongly min-
imizes the co-purification of unspecific proteins; however, prey
proteins exhibiting a transient or weak associationwith the bait
might be lost. A contributing factor for the popularity of using
TAP tags for APMS experiments is the availability of a genome-
wide yeast library, in which every endogenous open reading
frame is TAP-tagged (13). Using a qualitative APMS strategy,
large-scale studies have attempted to define the entire yeast* This work was supported by the Stowers Institute for Medical Research. This
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protein interaction network (1, 2). Combining these and other
data sets has led to a more detailed map of the yeast protein
interaction network (3). However, recent analyses of protein

interactions under different physiological conditions within
distinct compartments of a cell or upon certain stimuli such as
a study of the yeast kinase and phosphatase network have sug-

FIGURE 1. Protein interaction network analyses. Protein interaction data can be retrieved either experimentally (A) or from database mining (B). In database mining,
protein interaction databases can use indirect evidence such as functional associations or co-appearance in the same MEDLINE abstract to build networks. The main
methods for the experimental identification of protein interactions are the yeast two-hybrid system (A, panel a), which delivers direct pairwise interaction data, and
affinity purification followed by mass spectrometric identification of the proteins that were bound (either directly or indirectly) to the tagged protein (bait) (A, panel b).
Binary (obtained from database mining, yeast two-hybrid screens, and APMS) (C) or quantitative (quantitative APMS experiments) (D) bait-prey matrices are used as
input for the construction of protein networks (E and F). E, for protein networks, different topologies are distinguished, i.e. random (proteins are evenly connected) or
scale-free (only a few proteins, the so-called hubs, harbor the majority of interactions). F, quantitative protein interaction networks are typically obtained from
quantitative APMS experiments, therefore the intensity of the links represents direct and/or indirect associations. Networks representing more direct interactions
between proteins can be obtained by perturbations to the system before performing the quantitative APMS experiments. G, the significance of protein interaction
networks is typically evaluated 2-fold. Follow-up experiments are performed to verify the interaction obtained from medium- or large-scale screens.

MINIREVIEW: Building Protein-Protein Interaction Networks

23646 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 27 • JULY 8, 2011



gested that the definition of the global yeast protein interaction
network remains incomplete (14).
In the case of higher vertebrates, for which such libraries of

endogenous tagged proteins are not available, protein com-
plexes are generally purified by overexpression of epitope-
tagged bait proteins and different epitopes such as HA, FLAG,
andMyc (reviewed in Ref. 15). To date, human protein interac-
tion network analyses have been of smaller scale comparedwith
yeast, largely due to time and cost. Examples of human APMS-
based protein interaction network experiments are the puri-
fication of the TIP49a/b-containing chromatin-remodeling
complexes using a combination of HA- and FLAG-fused baits
followed by MudPIT (multidimensional protein identification
technology) (16) and a study applying a bacterial artificial chro-
mosome-based strategy to overexpress and purify 239 S-pep-
tide-fused baits in mitotic HeLa cells followed by protein
identification using SDS gel electrophoresis and MS/MS (17).
In addition, the protein interactionnetworks of the humandeu-
biquitinating enzyme interactome (18) and the human
autophagy interactomes have been described (19). Finally,
emerging research suggests that antibodies against endogenous
proteins may also be used for the analysis of human protein
interaction networks (20).
For the identification of weak and transient protein interac-

tions, which in normal purification protocols are lost during the
washing steps, chemical cross-linking approaches have been
developed and applied to the analysis of the proteasome (21–
23). Through reversible cross-linking, even weakly interacting
proteins become strongly associatedwith the bait or the protein
complex purified by the formation of covalent bonds and can be
biochemically purified. For example, with the use of a His-Bio
tag (a peptide containing an in vivo biotinylation site flanked
by two hexahistidine tags), which remains accessible for purifi-
cation after formaldehyde-based fixation, this strategy was
employed to purify the 26 S proteasome in yeast using Ni2�

chelate chromatography and streptavidin-coated beads fol-
lowed by SDS gel electrophoresis and LC-MS/MS (23). It is
likely that as APMS analysis of protein interactions grows, sim-
ilar strategies will be adopted for the analysis of transient inter-
actions of additional complexes.

Network Evaluation

Using protein interactions determined by any single or a
combination of multiple experimental methods and/or data
sets, protein interaction networks can be generated, in which
each protein is represented by a node, and two proteins are
linked with each other if they have been shown to interact.
Qualitative data are important for the characterization of net-
work properties such as the density of connection (k), the
degree distribution (P(k)), the clustering coefficient (C), and the
length of the shortest path. These parameters can be used to
describe models of biological networks, which under an ideal-
istic approximation can fall into three different classes, i.e. ran-
dom networks (the node degree distribution follows a Poisson
distribution, indicating that most nodes have approximately
the same number of links) (Fig. 1E, left), small-world networks
(individual nodes have only a small number of neighbors that
can be reached from one another through a few steps), and

scale-free networks (the node degree distribution follows a
power law) (Fig. 1E, right). The majority of protein interaction
networks in yeast, worm, and Drosophila seem to be scale-free
or follow a truncated power law (24).
To facilitate access to the vast amount of interaction data

that can be extracted from the various screens as well as from
focused studies, several different groups and consortia have
developed very useful public databases such as Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING), Biolog-
ical General Repository for Interaction Datasets (BioGRID),
Database of Interacting Proteins (DIP), andMolecular Interac-
tions Database (MINT) and species-specific databases such as
Saccharomyces Genome Database (SGD) and Human Protein
ReferenceDatabase (HPRD). Although the protein interactions
in the different databases largely overlap, the databases are
complementary. For example, STRING not only uses physical
protein-protein interaction but also utilizes other evidence
such as coexpression or mining of publications. BioGRID dis-
tinguishes between low- and high-throughput analyses, and
MINT itemizes the number of experiments showing the inter-
action as well as the evidence for interaction (e.g. direct associ-
ation in a purification, co-localization). Several tools are avail-
able to generate and visualize protein interaction networks, of
which Cytoscape and Pajek are most commonly used. Cyto-
scape (25) has the advantage of allowing one to combine infor-
mation from different large databases such as protein-protein,
protein-DNA, and genetic interactions, whereas the Pajek plat-
form can handle large networks with �105 nodes.
A major challenge in analyzing the medium- to large-scale

data sets is in the distinction of true protein interactions from
the experimental noise present in the raw data obtained by
either large-scale screening method. This necessitates robust
methods for the calculation of confidence scores for protein-
protein interaction (i.e. measures for the likelihood that the
observed interaction is true), in particular in the case of quali-
tative data obtained from yeast two-hybrid and APMS data.
Several different confidence scores have been proposed for the
systematic evaluation of yeast two-hybrid data sets. For exam-
ple, Giot et al. (8) calculated a confidence score for each mea-
surement using a generalized linear model, which was fit against
a training set of known interacting and non-interacting pro-
teins, to determine the cutoff for significant interactions. Braun
et al. (26) addressed the ambiguity in large-scale protein inter-
action screens by proposing a dual approach combining a sta-
tistical evaluation with follow-up experimentation, which they
termed an interaction tool kit. Starting with yeast two-hybrid
data, whichwere evaluated using a logistic regressionmodel, all
predicted protein interactions were retested using multiple
follow-up assays (26). After each protein interaction was
appraised using the tool kit, a probability was generated, indi-
cating if the observed interaction is true (26).
In the case of high-throughput yeast APMS data sets, several

computational approaches for calculating a confidence score
based on the binary information (i.e. a protein is either observed
or not observed in the sample) were proposed. For instance,
Gavin et al. (1) purified hundreds of yeast complexes and
defined a “socio-affinity” score based on the frequency of occur-
rence of all pairs of proteins studied. This score not only takes
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the bait-prey relationship into consideration but also regards
indirect prey-prey relationships (i.e. if two proteins are present
in the same purificationwhen a different protein is used as bait)
(1). It was suggested that the protein pairs having a high socio-
affinity score aremore likely to be in direct contact, which could
be supported by three-dimensional structures or the data from
the yeast two-hybrid system (1). Krogan et al. (2) applied a dif-
ferent approach using the Bayesian network to define confi-
dence scores for protein interactions based solely on the bait-
prey information. Although the different large-scale data sets
are of high quality, some discrepancies exist between individual
measurements for the same protein pairs. Therefore, Collins et
al. (3) proposed an alternative score that incorporates multiple
data sets into a single reliable collection of interactions using a
novel purification enrichment score. This score takes both pos-
itive and negative interactions into consideration, therebymin-
imizing the effect of false-positive or false-negative information
(3). In addition, other methods using a likelihood-based
approach or direct graph theory were also applied for the eval-
uation of qualitative protein-protein interaction data (27).
Although each of these scores provides an important source of
information for the analysis of protein-protein interactions and
the organization of proteins into complexes, no quantitative
information is incorporated. As a result, there are emerging
efforts to apply quantitative proteomics approaches to the
assembly of protein interaction networks.

Quantitative Proteomics and Interaction Networks

The abundance of a peptide can be estimated from the spec-
tra it generates in a mass spectrometer: A highly abundant pro-
tein will give rise to mass spectrometric spectra with higher
peaks, and in the case of strategies like MudPIT, more spectra
will be observed (28). Therefore, this information can be
employed to deduce the relative abundance of a protein (28).
Initial quantitative strategies were based upon a simultaneous
quantification of peptides from twodifferent samples in a single
mass spectrometric run (reviewed in Ref. 29). To be able to
trace back the origin of the peptides, one of the protein mix-
tures is stably labeled with a different isotope, which can be
distinguished by the mass spectrometer due to its mass differ-
ence (reviewed in Ref. 29). One approach to achieve stable iso-
tope labeling is to supply the growthmedia of the samples to be
comparedwith amino acids composed of different isotopes. For
example, in the SILAC (stable isotope labeling by amino acids
in cell culture) approach, one of the samples is grown with
[13C]arginine (where all six carbon atoms are heavy isotopes);
therefore, its peptides can be distinguished from peptides
derived from regular [12C]arginine-containing proteins (30).
Alternatively, the two samples can also be differently labeled
using chemical approaches (reviewed in Ref. 29). Thereby,mol-
ecules composed of light versus heavy isotopes are covalently
incorporated into peptides using reactive groups targeting spe-
cific amino acids (e.g. thiol-specific reactive groups labeling cys-
teines or amine-specific reactive groups labeling lysines) (31,
32). In either case, the twodifferently labeled populationsmight
be mixed before performing the affinity purification, which
minimizes experimental variations, or after the affinity purifi-

cation, which avoids cross-binding especially of transient inter-
actions during the purification process.
Label-free quantitative approaches are becoming increas-

ingly popular because they circumvent the time- and cost-de-
manding process of isotope labeling (reviewed in Ref. 29).
Because it was shown that samples from independent MS runs
can be employed for the relative quantification of peptides in
complex protein mixtures (33), this strategy allows the simul-
taneous analysis of any number of protein samples. In the case
of isotope labeling, this can be achieved only when each sam-
ple is run against an internal standard (34). Label-free quan-
titative APMS experiments require high reproducibility of both
the purification and the protein detection steps. To identify and
account for such possible variations, Wepf et al. (35) suggested
the addition of two different isotope-labeled peptides (called
SH-quant) before the purification and the MS/MS analysis
steps, respectively, which can be used as references during the
peptide quantification. Label-free approaches furthermore
depend on accurate statistical and bioinformatics tools for a
proper comparison as well as on reliable quantitative mea-
sures extracted from the spectra. Current scores proposed
either evaluate the shape of the peaks (area under the curve
or summed intensities) or sum up the total number of unique
spectra (“spectral counting”) for each peptide (reviewed in
Ref. 29).
Recent interaction network analyses have implemented the

quantitative information obtained from spectral counting to
assign probabilities to individual interactions. In two examples,
a general Bayesian approach was applied to determine the pos-
terior probability of an interaction using the spectral count. For
instance, Sardiu et al. (16, 36) generated a posterior probability
between a prey and a bait based on the frequency of occurrence
of a protein in a particular bait, whereas Breitkreutz et al. (14)
introduced the SAINT algorithm, which uses a mixture model-
ing approach with Bayesian statistical inference to estimate the
likelihood of a true interaction. In another case, Sowa et al. (18)
devised a new metric (D score) that incorporates the unique-
ness, the abundance of a prey in a bait, and the reproducibility
of each interaction to assign a quantitative score to each prey in
every bait. These values are then normalized to a determined
threshold value (below which 95% of the data fall), producing a
DN score for each prey in a bait (18). All three methods were
successfully applied to construct quantitative protein interac-
tion networks in human (16, 18, 19) and yeast (14, 36). Because
the availability of quantitative protein interaction data sets lags
behind its binary counterparts, a combination strategy between
confidence scores for binary protein-protein interactions and
the quantitative scores should be explored to refine the current
protein interaction networks.
The drawback of binary protein interaction networks is that

every pairwise protein interaction is treated equally (i.e. there is
either a link or no link). However, depending on the structure
and the amino acid composition of the domains responsible for
the interaction of two proteins and due to the influence of other
players, the strength of interaction between proteins varies. To
overcome this limitation, quantitative protein interaction net-
works can be generated. For quantitative protein interaction
networks, each link between two nodes is weighted and corre-
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sponds to the quantitative score derived from quantitative
APMS experiments (Fig. 1F, left). Examples for quantitative
protein interaction networks in the literature either directly use
the quantitative measurements (35) or employ the three differ-
ent quantitative scores introduced above: that of Sardiu et al.
(16), the SAINT algorithm (14), and DN scores (18).

The drawback of using quantitative APMS experiments for
the deduction of quantitative protein interaction networks is
that the experimental results measured correspond to how two
proteins associate in the context of a cell but do not necessary
reflect the direct interaction between two proteins. Normally,
multiple proteins are co-purified in a single APMS experiment;
therefore, the co-purified proteinsmight and often do influence
the interaction of a bait-prey pair. For example, when using
baits that are members of stable protein complexes, all purified
baits belonging to the same complexwill give rise to very similar
quantitative values (36). One possibility to overcome this limi-
tation is to perturb the system studied before conducting the
quantitative APMS experiments (Fig. 1F, right). By introducing
genetic deletions to different members of the yeast Rpd3 com-
plex, it could be shown that the normally very stable complex
dissociates into smaller subcomplexes (36). As expected, these
deletions also affected the probabilities of the bait-prey protein
pairs derived from these experiments, which therefore aremore
likely to reflect the direct relationship between bait and prey
proteins (36).

Dynamics of Protein Interaction Networks

Biological systems are dynamic; however, the protein inter-
action networks derived from different large-scale screens are
static snapshots of a large population of yeast or human cells.
To fully understand dynamic processes such as transcriptional
activation or repression, differential protein expression, the cell
cycle, or signal transduction, it will be essential to study the
effects and consequences of these general processes on local
interaction networks of the respective proteins and protein
complexes involved. Few studies have been conducted mea-
suring the dynamic changes of protein interaction in the context
of some of these processes. Both the human TATA-binding
protein complex (37) and the yeast 26 S proteasome complex
(21) have been analyzed at different phases of the cell cycle. In
addition, von Kriegsheim et al. (38) have characterized the
changing interacting partners of rat ERK upon its stimulation
by epidermal growth factor and nerve growth factor. The anal-
ysis of the dynamics of protein interaction networks is expected
to increase in the future as protein interaction network analysis
tools and technologies become more widely available.

Conclusions

A major hope of biomedical research is to generate models
explaining the clinical phenotypes observed in diseases and to
develop specific cures. For these efforts, protein interaction
networks are widely considered crucial contributors in two dif-
ferent ways: (a) by contributing to the characterization and
understanding of biological processes and their aberrant func-
tion in diseases and (b) by providing a framework for the design
of specific drugs. Decades of focused experimentation have
revealed the significance of local protein interaction networks

in biological processes. Striking examples of such local protein
interaction networks are protein complexes, where the combi-
nation of multiple proteins into macromolecular complexes
leads to functional units that are capable of executing functions
that would not be possible with the separate proteins. However,
for the majority of protein complexes and protein interactions
identified as a result of the large-scale screens conducted, our
knowledge is incomplete with respect to their relevance and
functional consequences.
Therefore, biomedical research is progressively shifting

toward large-scale screensmeasuring the variables of biological
systems (e.g. expression of mRNA, protein, and metabolites),
their interconnection (e.g. protein-DNA and protein-protein
interaction), and their functional implications (e.g. lethality or
genetic interaction screens). To reach the full potential of these
screens, the different data sets have to be integrated into large
networksmodeling single biological processes or whole biolog-
ical systems. However, these efforts are still in the early stages,
and advances in both methodology and bioinformatics analysis
are necessary to ever achieve this final goal. In the case of yeast,
forwhichmost large-scale data sets are available, the promise of
incorporating protein interaction networks into the big picture
of biological systems is emerging. For example, it has been
observed that proteins that are neighbors in global protein
interaction networks are similarly expressed, displaying either
related dynamic changes or static expression levels (39). It was
furthermore shown that essential proteins have significantly
more links in protein networks and are more likely to be hubs
(40). Consistent with this observation is that protein pairs that
genetically interact (positively or negatively) are more likely to
also physically interact (17).
The potential of protein interaction networks in aiding the

design of specific drugs was greatly affirmed by a series of stud-
ies showing that proteins targeted by the same Food and Drug
Administration-approved drugs are more likely to physically
interact (41) and that disease genes tend to be hubs in protein
interaction networks, exhibiting an elevated number of links
(42–44), thereforemaking themprimary targets for treatments
of the respective diseases. Hence, several focused screens or
bioinformatics analyseswere conducted aiming to generate dis-
ease protein networks, e.g. for Alzheimer disease (45), Hunting-
ton disease (46), Purkinje cell degeneration (47), and breast
cancer (48). However, it remains to be seen if drugs can be
efficiently designed based upon knowledge derived from pro-
tein interaction networks or networks of whole biological
systems.
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Computational systems biology is empowering the study of
drug action. Studies on biological effects of chemical com-
pounds have increased in scale and accessibility, allowing inte-
grationwith other large-scale experimental data types. Here, we
review computational approaches for elucidating the mecha-
nismsof both intendedandundesirable effects of drugs,with the
collective potential to change the nature of drug discovery and
pharmacological therapy.

Empowered by advances in genomic research, target-based
drug discovery promises greater throughput with systematic
knowledge-driven approaches. Target-based drug discovery
starts by identifying genes forwhich perturbation of activity can
yield a desirable phenotype and seeks to discover or engineer
compounds that interact with these genes’ products selectively
to alter the disease state or symptoms in a positive way.
Here, we look at an important problem in target-based drug

discovery: identifying the molecular targets of chemical com-
pounds. Being able to recognize the cellular entities that a com-
pound interacts with helps identify potential therapeutic appli-
cations and undesirable effects and facilitates development of
binding assays for identifying alternative compounds with
greater specificity. High attrition rate is well recognized as a
major hurdle in the drug discovery pipeline (1–3), suggesting a
general insufficiency in the understanding of drug effects in the
initial stages. Even drugs with well establishedmechanisms can
have less understood secondary targets. Such “off-targets” can
lead to unexpected side effects and, in extreme cases, severe
adverse reactions in individuals with certain genotypes (4).
Advances in biotechnology in recent yearsmade it possible to

study genome-wide responses to genetic and chemical pertur-
bations in vivo (5–12). These studies generated unbiased phe-
notypic data that capture drug response on a systems level. The
proliferation of public databases documenting structural,
chemical, and biological activities of chemical compounds also

contributes to a diverse pool of accessible data for studying drug
effects (13, 14). Increasingly rich data sources have outgrown
the ability of humans to reason over the data in its entirety.
However, computational biology offers to reveal novel connec-
tions between chemical compounds, biological entities, and
phenotypes. Here, we will review computational approaches
in systems biology that seek to understand both intended
and undesired effects of known drugs and novel chemical
compounds.

Chemical-Genomic Expression Profiling

DNA microarrays offer the power to characterize genome-
wide changes in gene expression and have had a profound influ-
ence onmolecular biology (15). By using expression profiling to
characterize cell response to genetic and chemical perturba-
tions, associations between genes and drugs can be identified.
Comparative Analysis—In 1998, Marton et al. (16) hypothe-

sized that, because an ideal inhibitory drug inhibits the activi-
ties of its protein target specifically and completely, null
mutants in the corresponding gene should “phenocopy” wild-
type cells treated with the drug. To provide support for this
hypothesis, the authors compared the genome-wide gene
expression profiles of wild-type Saccharomyces cerevisiae cells
exposed to FK506 and cyclosporin A with that of a null mutant
of calcineurin, a protein phosphatase inactivated (indirectly) by
both drugs. They reported that the gene expression patterns of
cells treated with either compound exhibited significant corre-
lationwith those of themutants. In contrast, no correlationwas
observed between the expression profiles of drug-treated cells
and mutants deleted for a randomly selected gene. Similarly,
cells treated with 3-aminotriazole exhibited gene expression
patterns that highly correlatedwith those of null mutants in the
HIS3 gene, which encodes one of the targets of 3-aminotriazole.
Anticipating that drugs inhibiting different molecular targets
may yield similar expression patterns, the authors proposed a
“Decoder” strategy to identify the real drug target given a set of
candidate targets. Based on the authors’ hypothesis, one
expects drug treatment of null mutants in the target gene to
exhibit little expression fluctuation relative to the mutant
strain. Conversely, drug treatment of null mutants in a non-
target should yield expression patterns similar to drug treat-
ment of the wild-type strain. The authors demonstrated that
this strategy can distinguish cna and fpr1 strains, for which
deleted genes are involved in the drug action of FK506, from a
control mutant not expected to be inhibited by the drug. Itera-
tive use of the strategy to identify secondary targets was also
proposed. Cells treated with higher doses of FK506 exhibited
significant expression changes in some genes that showed no
significant expression fluctuation in cna and fpr1 mutants. A
similar off-target expression subpattern based on this set of
genes is found in gcn4mutants, indicating that Gcn4 is a possi-
ble secondary target of FK506. Treatment of gcn4mutants with
FK506 did not lead to significant expression changes in the
majority of this subset of genes relative to gcn4 mutants, sug-
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gesting that Gcn4 is implicated in a secondary FK506 response
pathway.
Similar concepts were revisited at a larger scale by Hughes et

al. (5), who described the “Rosetta” Compendium of 300
genome-wide expression profiles of genemutants or drug treat-
ments versusmock-treated cultures grown in otherwise similar
conditions. In addition to 276 null mutants of viable genes, 11
tetracycline-repressible alleles of essential genes were included.
Two-dimensional hierarchical clustering of the profiles
revealed many biologically relevant clusters. For several of the
13 experiments that involved treatment of cells with well char-
acterized drugs, drug treatment clustered with mutants impli-
cated in a targeted pathway. Examples include lovastatin/hmg2,
itraconazole/erg11, cycloheximide/yef3, hydroxyurea/rnr1, and
tunicamycin/gas1. A novel association was found between
ERG2 and the topical anesthetic dyclonine and was confirmed
in independent experiments.
Lamb et al. (17) used a similar approach to study drugmech-

anisms in mammalian species. The authors profiled the mRNA
expression of �22,000 genes in cultured human cells from sev-
eral cancer cell lines subjected to the treatment of 164 small
molecules, including Food and Drug Administration-approved
drugs. A “query signature” can be searched against these
expression data (referred to as the “Connectivity Map”) to look
for interesting connections with these compounds. The query
signature is a list of genes labeled with binary values indicating
increase or decrease of expression in a biologically interesting
condition such as chemical or genetic perturbations. A rank-
based enrichment analysis similar to that proposed in Ref. 18 is
used to compute the “connectivity score” between the signature
and each drug in the collection. Connectivity scores identified
the uncharacterized drug gedunin as an HSP90 inhibitor based
on connectivity to geldanamycin and its analogs. A conceptual
advance relative to the Rosetta Compendiumwas identification
of compounds with an expression effect opposite that of a ref-
erence profile. For example, the anti-estrogens fulvestrant,
tamoxifen, and raloxifene showed negative connectivity scores
to 17�-estradiol.
Network Reconstruction—Deletions of genes downstream of

a drug target pathway can yield expression patterns similar to
null mutants of the target, hindering target identification via
comparative analyses. Gardner et al. (19) proposed a computa-
tional approach to alleviate this problem. Adapting a technique
from a branch of engineering known as system identification,
the authors proposed network identification by multiple
regression (NIR),3 which reconstructs an approximated causal
network between genes in the drug-affected pathway from
steady-state gene expression patterns exhibited from various
perturbations. Expression is modeled as a weighted sum of
changes due to external perturbations and abundances of reg-
ulatory genes. Weights are estimated using linear regression.
The concept was tested on a nine-gene subnetwork in Esche-
richia coli. Perturbations were delivered by inducing overex-
pression of gene(s) on a plasmid, and expression was measured

using quantitative PCR. By applying the model to expression
data of cells with two genes simultaneously overexpressed, per-
turbed genes were accurately identified. Given expression data
generated from cells treated with mitomycin C, the model
identified known target recA but also flagged another operon
(umuDC).
Although NIR effectively identified primary drug targets

from expression data of a small set of genes, it was not clear if it
would work with genome-scale expression data from microar-
rays. di Bernardo et al. (20) proposed mode-of-action by net-
work identification (MNI) and applied it to 515 whole genome
expression profiles to identify drug targets in S. cerevisiae,
including profiles from the Rosetta Compendium. MNI is sim-
ilar to NIR; however, instead of requiring single gene perturba-
tions to train the network model, MNI can use generic condi-
tions such as drug treatment and environmental stress as
inputs. A recursive approach similar to expectation maximiza-
tion is used to estimate perturbations of specific genes from
steady-state expression profiles. MNI correctly identified per-
turbed genes in 8 of 11 tetracycline-regulatable alleles from the
Rosetta Compendium. The algorithm also identified genes
involved in target-associated pathways for 7 of 9 drugs with
known targets.

Chemical-Genomic Genetic Profiling

Phenotypic assays of cells under simultaneous genetic and
chemical perturbations allow systematic assessment of the
effect of genetic changes on drug response. Fig. 1 summa-
rizes chemical-genetic approaches used to study drug/target
relationships.
Drug Response of Genetic Variants—In the late 1980s,

researchers at the National Cancer Institute (NCI) developed a
drug screen to systematically characterize inhibitory effects of
chemical compounds on the growth of �60 distinct human
tumor cell lines. Most compounds were tested at five concen-
trations to determine the GI50, the concentration at which cell
growth is inhibited by 50% (21). Using these GI50 profiles for
each compound and a database associatingmolecular targets or
modulators of activity in the 60 cell lines, Weinstein et al. (22)
related molecular targets to drugs. The database included
small-scale studies as well as protein expression measured en
masse using two-dimensional PAGE. By computing correlation
of drug/target pairs for 3989 compounds and 113 targets, the
authors found clusters of similar and mechanistically related
compounds (e.g. Taxol analogs, thiosemicarbazones, and the
closely related clinical agents cisplatin and carboplatin). In
another example, the authors identified a cluster of 155 com-
pounds exhibiting highly negative correlation with targets
related to Pgp/Mdr-1 activity and significantly enriched for
Mdr-1 substrates. The approach was used to predict com-
pounds that are particularly active against mutant p53 human
tumor cells.
Brem and Kruglyak (23) studied the properties of quantita-

tive trait locus (QTL) detection from genome-wide gene
expression patterns of 104 segregants from the mating of two
genetically diverse yeast strains, lab strain BY4716 and wild-
strain RM11-1a. Perlstein et al. (10) treated these segregants
with 100 small molecule compounds and measured their

3 The abbreviations used are: NIR, network identification by multiple regres-
sion; MNI, mode-of-action by network identification; QTL, quantitative trait
locus; DAmP, decreased abundance by mRNA perturbation.

MINIREVIEW: Discovering Drug Targets

23654 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 27 • JULY 8, 2011



growth at multiple time points. Hierarchical clustering of the
growth data revealed clusters of compounds that induce similar
physiological effects but lack significant structural similarity.
Linkage analysis identified 124 unique linkages between genetic
markers and loci. Seven of eight QTL “hot spots” associated
with multiple compounds are at loci reported to affect the
abundance of multiple transcripts and therefore may contain
pleiotropic regulators. Secondary assays supported the associ-
ations of two loci with distinct compounds.
A major limitation of the approach is its dependence on

informative genetic variation between parental strains. In the
study, Perlstein et al. (10) reported that five loci corresponding
to known targets are undetected in the QTLs, as no variation
exists in these genes between parental strains. For example, two
drugs used in the experiment with known molecular targets
(cycloheximide/RPL41a and RPL41b (24) and haloperidol/
ERG2) were not associated with their targets. Also, associated
loci often contain many genes, making it difficult to pinpoint
the gene responsible for the association.
Gene Dosage Assays—Phenotypic abnormality arising from

function loss of one gene copy in a diploid cell, or haploinsuffi-
ciency, is not common in wild-type organisms (25, 26). How-
ever, Giaever et al. (11) systematically identifiedmany S. cerevi-
siae genes that exhibit haploinsufficiency under certain
conditions, such as in the presence of drugs that target their
gene products. For example, heterozygous deletion strains of
six knowndrug targets exhibited haploinsufficiency in the pres-
ence of the drug that targeted them. The authors explored the

feasibility of using this phenomenon to study drug/target inter-
actions at a larger scale by growing 233 heterozygous deletion
strains competitively in the presence of tunicamycin. The
strains are tagged with molecular barcodes, facilitating quanti-
fication of relative growth rates in a mixed population of com-
peting cells. Drug-induced haploinsufficiency was observed at
three loci, one of which encodes the known target of tunicamy-
cin, ALG7. This exciting finding spurred a series of chemical-
genomic studies at increasing scales.
Lum et al. (6) screened �3500 heterozygous yeast strains in

78 compounds and reported that many known drug targets
displayed significant drug-induced haploinsufficiency. Parsons
et al. (7) conducted a genome-wide drug sensitivity screen on
�4700 viable haploid deletion strains in S. cerevisiae for 12
compounds. Employing genetic interactions previously re-
ported using synthetic genetic array analysis (27) as well as
genetic interactions selectively tested based on known targets
and pathways of the drugs, the authors performed two-dimen-
sional hierarchical clustering of the combined set of chemical-
genetic and genetic interaction profiles. Three known drug/
target pairs were found to cluster together: fluconazole with
ERG1, benomyl with TUB2, and cyclosporine A and FK506
with CNB1. They followed this up with a larger study in 2006
that encompassed 82 compounds and �5000 haploid deletion
strains (8). Cluster analyses using two-dimensional hierarchical
clustering and probabilistic sparsematrix factorization analysis
(28) revealed compounds with related drug effects such as
actin-binding agents and microtubule poisons. The similarity

FIGURE 1. Chemical-genetic approaches for studying drug/target relationships. HIP, haploinsufficiency profiling; HOP, homozygous deletion profiling;
HOPGI, HOP/genetic interactions analysis; MSP, multicopy suppression profiling.
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between the haploid deletion profiles of the breast cancer drug
tamoxifen and amiodarone suggested a common effect of cal-
ciumhomeostasis disruption thatwas novel to tamoxifen. Inde-
pendent assays provided evidence that treatment with both
drugs activated the Ca2�/calcineurin/Crz1 signaling pathway.
Hillenmeyer et al. (9) conducted the largest drug sensitivity
screening to date, testing each of �5000 haploid and �6000
heterozygous diploid deletion strains of S. cerevisiae against
178 and 354 unique conditions, respectively. These conditions
included both environmental and chemical perturbations.
Yan et al. (29) explored “decreased abundance by mRNA

perturbation” (DAmP) alleles, wherein anmRNA-destabilizing
cassette is introduced into the 3�-untranslated region of a gene
as an alternative to heterozygous gene deletions to capture drug
effects. An earlier study of 20 DAmP alleles in yeast reported
mRNA levels in these strains to be �5–50% that of wild-type
levels (30), which is lower than the typical �50% reduction in
heterozygous deletion strains and thereforemore likely to yield
detectable phenotypes. To efficiently barcode large collections
of yeast strains, the authors built a set of “Barcoders,” donor
strains with unique molecular barcodes that can be transferred
to any yeast collection en masse (29), and used them to tag
DAmP strains of 958 essential yeast genes. Relative to wild-type
controls, DAmP alleles exhibited greater sensitivity to drug
treatment compared with heterozygous deletion strains for
most drugs.
The preceding approaches reduced gene dosage to find the

drug target gene, which might be expected to exhibit increased
drug sensitivity. A complementary genetic approach is to seek
genes for which increased gene dosage increases drug resis-
tance, e.g. multicopy suppression of drug sensitivity (31, 32).
Meijer et al. (33) employed a similar approach to identify genes
mediating anti-estrogen resistance in human breast cancer
cells. The cancer cells were infected with retroviral cDNA
libraries derived from human brain and placenta and mouse
embryo. PCR amplification from the integrated construct
revealed genes that enabled proliferation in the presence of
4-hydroxytamoxifen. Thus, seven known genes and one puta-
tive gene were identified in this screen, with the cDNA of the
latter being themost abundant. Subsequent analysis confirmed
the gene to be responsible for tamoxifen resistance and desig-
nated it as BCAR4 (breast cancer anti-estrogen resistance 4).
Hoon et al. (12) integrated haploinsufficiency and homozygous
profiling withmulticopy suppression to study known and novel
compounds. Using heterozygous deletion strains for essential
genes and homozygous deletion strains for nonessential genes,
the authors found that multicopy suppression allowed them to
distinguish target from non-target genes among those genes
exhibiting haploinsufficiency for the drugs rapamycin, metho-
trexate, fluconazole, and calyculin A.
Complementation Assays—Ho et al. (34) explored another

large-scale chemical-genetic approach that diverges from con-
ventional gene dosage-altering assays. To identify targets of a
drug, drug-resistant mutants were isolated.Wheremutants are
recessive and localized to one gene, introducing a wild-type
copy of the mutated gene should restore drug sensitivity. To
apply this approach at large-scale, the authors constructed a
library of barcoded plasmids, each harboring a distinct yeast

ORF (collectively covering �90% of the genome). Plasmids for
each gene were crossed into each drug-resistant mutant strain
using synthetic genetic array technology (27). Potential drug
targets were identified among barcoded plasmids that were
highly depleted upon drug treatment. The assay revealed
known drug mechanisms for cycloheximide and rapamycin.
The sordarin-associated gene EFT2 was also identified using a
yeast strainwith highermutation rates. The novel targetMVD1
was isolated for the drugs theopalauamide and stichloroside,
and secondary analysis suggested that the drugs are likely to act
on the ergosterol pathway modulated by Mvd1 activity.
Complex Phenotypes—Although cell growth is the primary

phenotype used in genetic and chemical perturbation studies,
more complex and specific phenotypes (e.g. cell morphology
traits) can be quantified with microscopy and image analysis
(35–37). These genetic approaches can also be extended to
mammalian organisms using cell lines and gene silencing with
siRNA. Loo et al. (37) conducted image-based profiling ofHeLa
cells under the treatment of 100 compounds. Neumann et al.
(38) performed genome-wide phenotypic profiling of HeLa
cells silenced for each of �21,000 human protein-coding genes
through transfection with RNAi using time-lapse microscopy
and computational image processing to identifymitosis-related
morphological features. Among metazoans, zebrafish is highly
amenable to whole organism large-scale genetic or chemical
screens and serves as a faithful model of a variety of human
diseases (39). A screen for compounds suppressing the
zebrafish mutation gridlock, which models aortic “narrowing”
(coarctation), led to the discovery of two structurally related
compounds that can ameliorate the disease phenotype (40).
The nematode Caenorhabditis elegans is another good model
for somehumanpathways and is amenable to large-scale genet-
ics studies in vivo (41). To circumvent its extensive physical and
enzymatic xenobiotic defenses, Burns et al. (42) developed a
structure-based computational model that predicts bioavail-
ability of small molecules in the worm. The model can be used
to preselect suitable compounds prior to screening and is
expected to accelerate future screening efforts.

Drug/Protein Association Networks

Large-scale efforts in chemical and pharmacological
research have made available vast amounts of chemical-related
information in structured formats that are amenable to compu-
tational integration and analysis (43). This opens up new
opportunities for studying drug effects using systems level com-
putational methods.
Yamanishi et al. (44) constructed a bipartite interaction net-

work between compounds and targets for four classes of human
drug targets (enzymes, ion channels, G protein-coupled recep-
tors, and nuclear receptors) and designed a Euclidean space
matrix representation for the graph based on Gaussian func-
tions. They refer to this matrix as the “pharmacological feature
space.” To predict novel interactions for a protein or a com-
pound that is not within the network, two similarity measures
are used: sequence similarity between the protein and targets in
the network based on sequence alignment (45) and structural
similarity between compounds and drugs in the network based
onSIMCOMP (46). The authors used a kernel regressionmodel
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to represent mapping between structure/sequence similarities
of a new entity (compound/protein) and existing entities in the
network to its predicted vector in the Euclidean space matrix.
Weight parameters in the model are derived from the existing
network by minimizing a loss of function. Given a new protein
or compound, the trainedmodel can then be used to predict its
drug/gene interactions with entities in the network bymapping
the structure/sequence similarities back into the pharmacolog-
ical feature space. He et al. (47) proposed a similar approach
using different feature representations. The frequency of 28
functional chemical groups is used as a descriptor for com-
pounds (48), whereas protein targets are represented by a set of
features based on the concept of “pseudo amino acid composi-
tion” (49). These features include amino acid compositions as
well as summary statistics of the distribution and transition
frequency between different states in the protein sequence for
each of six biochemical and physiochemical properties. A near-
est neighbor approach is used to predict novel drug/target rela-
tionships from existing ones.
Keiser et al. (50) proposed the “similarity ensemble

approach,” which groups proteins based on the chemical simi-
larity of the ligands with which they interact. Using data
extracted from the MDL drug reports, the authors compiled a
set of 246 protein targets, each annotated with hundreds of
drug-like ligands. A similarity score between two protein tar-
gets is computed based on the Tanimoto coefficients between
all possible pairs of ligands such that one ligand is in each target
set. Among protein targets with significant similarity to ligands
associated with methadone, the authors found �-opioid recep-
tors known to be targeted by methadone. They also found M3
muscarinic receptor antagonists, suggesting an off-target rela-
tionship subsequently confirmed by binding assay. Applying
this technique to �12,000 PubChem compounds associated 30
compoundswith unexpected drug effects. The authors selected
two of these, emetine/�2-adrenergic receptors and loperamide/
neurokinin-2 receptors, and established significant binding
affinities for these off-targets in direct binding and function
assays. The same technique was used to identify newmolecular
targets for 3665 compounds, which included 878 Food and
Drug Administration-approved drugs (51). The authors
inspected 184 predictions in detail and tested 30 of them with
radioligand competition assays, of which 23 yielded low inhibi-
tion constants (Ki � 15 �M).
Campillos et al. (52) described the identification of secondary

targets for existing drugs based on the similarity of their side
effects. Terms describing side effects were extracted from drug
package inserts of 746 human-marketed drugs and mapped
onto the UMLS� (UnifiedMedical Language System) ontology.
Similarity between each drug pairwas computed by the number
of common side effects, corrected for dependences between
related terms. Comparing side effect annotations with a refer-
ence set of 502 drugswith knowndrug/target relations from the
MATADOR (53), DrugBank (14), and the Psychoactive Drug
Screening Program (PDSP) Ki (54) Databases, the authors
found an inverse logarithmic correlation between the fre-
quency of a side effect term and the likelihood that drugs with
the term share a commonprotein target. Benchmarking against
the reference set, the authors found the p values of the side

effect similarity score between drug pairs to correlate very well
with target sharing. Using a combined scoring method incor-
porating both two-dimensional Tanimoto chemical similarity
scores and side effect similarity, 2903 pairs of drugs were esti-
mated to share drug targets with a probability of �25%. The
authors tested some of the findings that were most surprising
(little chemical similarity, not known to share targets, and not
known to be in the same therapeutic category). Among the
drugs predicted to share targets with the anti-ulcer drug rabe-
prazole are two other nervous systemdrugs: fluoxetine and per-
golide. Binding assays revealed that like fluoxetine and per-
golide, rabeprazole targets the dopamine receptor D3, which
may explain some of its reported side effects. Among 20 drug
pairs tested, 13 have at least one predicted target validated by in
vitro binding assays.
As more complex organisms are studied, future screens will

inevitably assay phenotypes of greater variety and complexity,
creating new opportunities and challenges for computational
analysis. Creative aggregation andmanipulation of diverse data
such as chemical structure, genomic sequence, ontologies, and
unstructured text data should provide novel ways to under-
stand drug mechanisms from systematically collected data.
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Life scientists today cannot hope to read everything relevant
to their research. Emerging text-mining tools can help by iden-
tifying topics and distilling statements from books and articles
with increased accuracy. Researchers often organize these state-
ments into ontologies, consistent systems of reality claims. Like
scientific thinking and interchange, however, text-mined infor-
mation (even when accurately captured) is complex, redundant,
sometimes incoherent, and often contradictory: it is rooted in a
mixture of only partially consistent ontologies. We review work
that models scientific reason and suggest how computational
reasoning across ontologies and the broader distribution of tex-
tual statements can assess the certainty of statements and the
process by which statements become certain. With the emer-
gence of digitized data regarding networks of scientific author-
ship, institutions, and resources, we explore the possibility of
accounting for social dependences and cultural biases in reason-
ing models. Computational reasoning is starting to fill out
ontologies and flag internal inconsistencies in several areas of
bioscience. In thenot toodistant future, scientistsmaybe able to
use statements and rich models of the processes that produced
them to identify underexplored areas, resurrect forgotten find-
ings and ideas, deconvolute the spaghetti of underlying ontolo-
gies, and synthesize novel knowledge and hypotheses.

A vast and rapidly growing volume of text traces the succes-
sion of findings and ideas that constitute modern science.
Extrapolating from global library data, we estimate the world
hosts at least a trillion scholarly pages. An incomplete inventory
(Fig. 1), divided into biological, social, and physical sciences,
contains 400, 200, and 65 billion pages, respectively (see sup-
plemental data). From the Western invention of the printing
press in 1453, scientific knowledge has grown, increasingly
become published in English, and shifted from books to jour-
nals (Fig. 1A). Published knowledge has accumulated fastest in
eras of peace and prosperity; it grows much more slowly in

turmoil (Fig. 1B). Until recently, access to this knowledge
required going to a library. The complete collection of science
is, however, distributed so widely across libraries that to assem-
ble all knowledge on any broad topic would require lifelong
travel (Fig. 1C). More than one-quarter of the world’s basic and
applied science books appear in less than ten libraries. Google
and the Google Books settlement, which finalized in November
2009, is beginning to reverse this trend by making millions of
these books available for search and reading through the Inter-
net. This follows the massive migration of scientific journals
online over the past decade (Fig. 1D).
With the emergence of new journals that are digital at pub-

lication and novel ways of expressing findings and hypotheses
in science tweets, blogs, and online databases (and with more
scientists producing science than ever before), researchers can
catalogue only a vanishing fraction of what is relevant to their
work by traditional reading and note taking. In response, scien-
tists in many fields have begun to use computation not only to
search andbrowse scientific texts (1) but also to read and reason
about them (2). Numerous obstacles remain, but the possibility
of enlisting computation in discovery as well as analysis has
inspired a growing body of knowledge and tools whose use and
development have been nowhere more active than in the
molecular life sciences.

Processing Natural Language

The process by which text is refigured into standardized
machine-readable representations of meaning is often called
semantic analysis. The expressive richness and ambiguity of
natural language, however, make automatically extracting
statements from scientific text a formidable challenge. For
example, consider the difficulty involved in extracting all infor-
mation from the text “NCOA3 in turn acylates histones, which
makes downstream DNA more accessible.” As a result, infor-
mation extraction (IE),3 a robust approach to semantic analysis,
currently avoids attempting to process every phrase in text (e.g.
by simply extracting “NCOA3 acetylates histones”). IE assumes
a relatively simple fixed template of expected information.
Researchers then fill semantic slots with information from text
through a series of steps.
First, what is to be extracted is narrowed using a supplied

lexicon of semantically classified terms (e.g. genes, enzymes,
cofactors, small molecules) (3). The researcher then identifies
these classes in text, a step called named entity recognition,
using deterministic rules or computational techniques that sta-
tistically learn from human-coded data. The accuracy of the
best named entity recognition in some domains rivals that of
human coders at �90% (4). The researcher then assembles
these mentions into basic and then complex noun, verb, and
prepositional phrases. Finally, semantic entities and events are
recognized, inserted into the template, and merged if they are
determined to share a referent. Many biomedical research
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teams in recent years have extracted protein-protein interac-
tions from text using an IE approach and filling a simple tem-
plate that involves two or more proteins, an interaction, and
occasionally evidence associated with the claim. Following
from our previous example, NCOA3 acetylates histones as
determined with high resolution mass spectrometry.
A related butmore involvedmethod of robust semantic anal-

ysis builds on formal grammars that model how the mind gen-
erates language. Several exist, including transformational, rela-
tional, dependency, construction, and categorial grammars (5).
Transformational or constituency grammars (TGs) are the
most commonly used and comprise a set of symbols represent-
ing constituent words and phrases and the rules by which they
are substituted to create language. Parsing a sentence, given a
TG, boils down to reconstructing the substitution steps that
most likely generated the sentence. Context-free grammars are
currently the TG most commonly implemented as they offer
themost affordable compromise between expressive power and
computational cost. A syntactic context-free grammar renders
a sentence through symbols that signify structures like noun

and verb phrases, which are each, in turn, substituted for word
classes like nouns, verbs, adjectives, and prepositions, which are
ultimately replacedwithwords like “bright” or “phosphorylate.”
Similarly, a semantic grammar operates with symbols that

stand for semantic categories such as enzyme, substrate, or
enzymatic reaction. The semantic grammar constitutes rules
that include selection restrictions, which limit the ways in
which entities can appear in meaningful statements within the
domain (5). Semantic grammars in science rely on the notion that
scientific domains are characterized by specalized scientific sub-
languages, which can be characterized by finite sets of rules (6). In
robust semantic grammars, one typically mixes syntactic and
semantic rules and may implement them deterministically or
probabilistically. Inaprobabilisticgrammar, eachrule isassociated
with a probability that can be used to infer the most likely genesis
or parse of the sentence. Collectively, these approaches to robust
semantic analysis are used extensively to extractmeaningful state-
ments in computer science, business intelligence, biology, and
medicine.Theyhavebeenparticularly fruitful in fields at the inter-
face of chemistry and biology, where the fundamental importance

3

9
All

Journals

Books

3

9
BiologicalPhysical

Social 

1500 1800 2000

2

9
EnglishFrench

Germ
an

Italian Russian10

10

10
10

10

10

U
ni

qu
e 

pa
ge

s 
pu

bl
is

he
d

10

10

10

6
8

All
Books

10

2 3.5

6

Chinese

English
French

Italian
Japanese

Russian

Spanish

...in this many libraries
10 10

10

6
7 Biological

Physical

Social 

10

Germ
an

Journals

N
um

be
r 

of
 it

em
s.

..

1010 10
310

6

6

6

0

3

3

3

0

0

10

10

10

7

1900 1940 1980 2000

5

6

10

Chinese

EnglishFrenchG
erm

an
Italian

Japanese

Russian

Spanish

7

10

10

W
or

ld 

W
ar

 I W
or

ld 

W
ar

 |I

Dep
re

ss
ion Cult

ur
al

Rev
olu

tio
n

End
 o

f t
he

Sov
iet

 U
nio

n

pages
10

10

3

4

Across libraries

Jo
ur

na
l p

ag
es

 o
nl

in
e

F
re

el
y 

on
lin

e

6

2

Chinese

Japanese

Spanish Year

2000

2

6
Year of original publication

10

10

2006

1998

1999

2000

2001
2002

200320042005

10

10
1900

199819992000

2001200220032004

2005
2006

10

10

10

Year online

8

4

4

1950

A                                            B

C                                            D Online availability

Holdings

    Books

FIGURE 1. A, estimated number of distinct pages from the Online Computer Library Center WorldCat Database of books and journals in 71,000 libraries across
121 countries, split by manuscripts and journals, broad subject area, and the most common eight languages from 1450 to present. B, manuscript pages, by
language, mapped against major historical events of the 20th century. C, distribution of volumes across libraries: number of volumes plotted against the
number of Online Computer Library Center libraries in which each are held, split by manuscript and serials, subject, and language. All distributions feature a
spiking tail, suggesting a core collection of books that appears in nearly all libraries. D, growth in the number and publication age of journal pages available via
the Internet and freely on the Internet (without institutional subscription) from 1998 to 2006.

MINIREVIEW: Advancing Science through Mining Libraries

23660 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 27 • JULY 8, 2011



ofmolecules and reactions has drivenmore linguistic conventions
than many other areas of science and scholarship. These
approaches are also beginning to enter many other natural and
social sciences.

Assembling Ontologies

If computation could distill articles into a database of state-
ments, it would still be too large for a researcher to browse.
Consider a scientist who is interested in the relationship
between human gene p53, which regulates the cell cycle, and
cancer, a cell proliferation disorder, and who finds 36,589 rele-
vant articles in PubMed. Alternately, imagine a biochemical
researcher interested in all published statements of the form
“molecule A is a substrate for enzyme B.” The path to computa-
tional reasoning commonly involves aggregating statements
from text into singular declarations ordered into a consistent
system or ontology. Modern scientific ontologies derive from
two traditions. In philosophy, ontology (historically, a branch of
metaphysics) is the study of existence. Formodern science, this
translates into a specification of empirical entities and their
organization into statements of fact that highlight essential
qualities, parts, and relationships. Ontologies emerged in com-
puter science as an approach to knowledge representation in
the early 1990s (7), preceded by practical classification systems
like the 19th century Dewey Decimal System and the Interna-
tional Classification of Diseases. First used in artificial intelli-
gence, ontologies now permeate software engineering and
database theory, where consistent content schemas facilitate
the interoperability of data stores. They are also becoming an
integral part of theWorldWideWeb. In 2004, theWorldWide
WebConsortiumendorsed theOWLWebOntology Language,
which supports the formal semantics required by ontologies, as
the centerpiece of its Semantic Web Framework.
Modern scientific ontologies, often classified into light- and

heavyweight, contain a controlled vocabulary of concepts and
relationships that link them. Lightweight ontologies comprise
terminologies or simple taxonomies with little or no informa-
tion about the entities or relationships. For example, all known
enzymes organized into a list or a simple taxonomy (e.g. a kinase
is an enzyme) would serve as a valuable data resource. In con-
trast, heavyweight ontologies like Cyc, a massive schema of
common sense knowledge, or the FoundationalModel of Anat-
omy add formal axioms and constraints to characterize entities
and relationships distinctive to the domain. A formal axiom in
biology might specify that genes encode proteins, but proteins
cannot encode genes. Light and heavyweight ontologies may
draw upon reference or upper level ontologies to characterize
their parts: abstract entities and processes as in Cyc or concrete
elements like human bones within the Foundational Model of
Anatomy. They then subclass these elements and link them
with domain-specific information. The most frequently cited
ontology in science, the Gene Ontology (GO), is a structurally
lightweight taxonomy that comprises 22,000 entities biologists
use to characterize gene products (8). GO statements are con-
cept-relation-concept triplets like “oxidative phosphorylation
is ametabolic process” and “photosynthesis, light harvesting is
part ofphotosynthesis, light reaction.” Knowledge bases of text-
mined statements similarly draw upon ontologies for the lexicon

used toextract entities andrelations fromtext, butduplicationand
contradiction are permitted as they are in articles (9).
After computer and information science, ontologies aremost

used in biomedicine but also increasingly in astronomy and
diverse areas of engineering, government, and business. Recall
the recent ontological debate over whether Pluto is a planet, an
asteroid, or a dwarf planet, the controversial appellation even-
tually contrived by the XXVIth General Assembly of the Inter-
national Astronomical Union in Prague 2006. Among applied
ontologists, there is broad agreement that ontologies should
primarily be understood as precise data structures to facilitate
sharing and reuse, a kind of object-oriented content.4 Ontolo-
gists are divided, however, over whether to promote one ontol-
ogy that enables/constrains the interoperation of all others or
to let a thousand flowers bloom and encourage a wide range
customized to scientific usage. Mark Musen, coeditor of
Applied Ontology and author of the popular ontology editor
Protégé, wrote, “So much of scientific knowledge is not abso-
lute—it is constructed—it is context-dependent. Ontologies
can provide an impression of certainty that may not always be
appropriate.” Consider, for example, the multiple coexisting
definitions of gene concurrently used in biology: a unit of inher-
itance, a chunk of DNA, and a template for a group of proteins.
Others believe ontologies are and should be built only on “set-
tled parts of science.”5 By creating one ontological compen-
dium or one description of existence, however, scientists nec-
essarily preclude others.
Many ontology communities routinely update changes in

their systems, and recent work in artificial intelligence is begin-
ning to assist ontology evolution by automatically comparing
ontologies and designing repair plans that split functions and
add arguments to make them commensurable.6 Some ontolo-
gies are also beginning to incorporate uncertainty.7 These
amendments suggest an emerging interpretation of ontologies
in science, not simply as truth statements or data-sharing struc-
tures but as representations of mental constructs through
whichwe organize our growing understanding about theworld.

Computational Reasoning

The culminating step of computational reasoning involves
building a reasoner or agent that infers newknowledge from the
existing statements of an ontology.Many reasoners use variants
of unambiguous proposition or first-order predicate logic to
make inferences and prove theorems. Automated theorem
proving has advanced in recent years and is used intensively in
circuit and software design, aerospace, and related industries
where verifying a particular operation under all possible condi-
tions is critical. TheWolframAlpha Computational Knowledge
Engine takes a similar approach to computational question

4 M. Musen, P. Karp, B. Smith, J. Blake, L. Hunter, L. Hirschman, B. Carpenter,
and J. Shrager, personal communications.

5 B. Smith and P. D. Karp, personal communications.
6 A. Bundy, paper presented at the Fall Symposium for the Association for the

Advancement of Artificial Intelligence, Athens, GA, November 5, 2006.
7 P. C. G. Costa, K. B. Laskey, and K. J. Laskey, paper presented at the Proceedings

of the Second ISWC Workshop on Uncertainty Reasoning in the Semantic
Web: Frontiers in Artificial Intelligence and Applications (FLOIS), Arlington, VA,
November 7–9, 2006.
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answering by using rules to assemble systematic knowledge
across a variety of domains and fit it with algorithms to produce
on-demand analysis. Another approach takes computational
inference still further by using extracted published knowledge
to conditionmodels of chemical and biological agents and then
enables these agents to interact to simulate and predict higher
level cellular, tissue, and organism outcomes.
Scientific disagreement, alternative views of the world, and

uncertainty becomemost consequential in the reasoning proc-
ess. For example, are three amino acids in sequence a “small
molecule” or a “macromolecule” (a very short protein). Crisp
logical reasoners have been unleashed on biomedical ontolo-
gies to extend them, for example, by associating genes with
biochemical pathways (10).8 Logical approaches have been
most successful, however, not in generating new knowledge but
in flagging internal contradictions for repair (11).9 Because of
contradictions and self-references, many of the most used
ontologies (like the SNOMED medical ontology and GO) are
insufficiently restricted to be expressed with protocols like
OWLand cannot take advantage ofmany of the reasoners avail-
able for consistent systems. This has suggested to others the
need to incorporate error into the reasoning process.
Early approaches to probabilistic logic dealt with the chal-

lenge of inducing support for a proposition from evidence.
Belief networks combine proposition probabilities to model
uncertainty within a broader domain.10 Belief networks include
nodes, which represent variables, interconnected with arcs,
which signify probabilistic influences. In biology, a node might
constitute the active or inactive state of a gene, and an arc the
probability that the gene is active given the state of the protein
that regulates it. The strength of influence between nodes is
propagated along the graph via forward conditional probability.
Bayesian networks are the most commonly implemented form
of belief network. They use Bayesian conditioning as the basis
for probability updating and so emphasize the relationship
between assumptions and the accuracy of evidence in assess-
ment (12). Consider the use of Bayesian networks to diagnose
illness. Given some set of observed symptoms, one can compute
probabilities along arcs of the network to compare the likelihood
of each possible disease (13). Several implementations of Bayesian
networks have been developed to handle particular types of infer-
ence: dynamic networks for dynamic systems, causal networks for
causal processes, and influence diagrams that add values and
choices to the belief network to optimize decisionmaking (14).
Probabilistic reasoners allow researchers to relax the

assumption that statements within an ontology or associated
knowledge base are certain and universal.11 This strategy
reduces the precision of conclusions but can reduce the influ-
ence of isolated mistakes and make computational inference

possible even in the presence of contradiction. In developing
ontologies from literature, however, researchers called curators
often excise repetitive, contradictory, and incommensurable
statements. They recognize that article statements are unequal,
but rather than rank their certainty, curators have tended to
censor “uncertain” ones. This is changing. Gene function anno-
tation using the GO now allows for the distinction between
experimental findings and structural inference.9
A few researchers have begun to use probabilistic reasoners

on the complete collection of statements extracted from litera-
ture. Retaining uncertain statements has allowed them to
explore how statements become certain. For example, two
recent papers explicitly model the process by which statements
and citations in molecular biomedical articles respond to each
other in information cascades (15, 16). An information cascade
is a chain of collective reasoning that degenerates into repeti-
tion (17–19). Fig. 2A illustrates this process by showing a
sequence of experiments about the same phenomenon (e.g.
NCOA3 acetylates histones). The first researcher to investigate
the relationship interprets his experiment directly. The second
interprets his experiment taking both his own research and the
previously published interpretation into account. The third sci-
entist accounts for still more published history and proportion-
ally discounts her findings. This may not appear irrational to
the individual scientist. She is acting like a Bayesian statistician:
the more prior collective knowledge, the more that knowledge
should influence her interpretation. The process is not collec-
tively rational, however, because the sequence of prior pub-
lished experiments were not independent. The first had much
more influence on the resolution than the last.
A recent investigation into the claim that �-amyloid, a pro-

tein concentrated in the brains of Alzheimer patients, is pro-
duced by and injures skeletal muscle in patients with inclusion
body myositis illustrates this process and its potential costs
(16). The relationship was first published in five 1992 and 1993
articles produced by two research groups. Before 1996, six arti-
cles critical of the claimwere also published, two from the same
laboratory that had produced four of the five original support-
ive articles. This is consistent with the hypothesized “Proteus
phenomena,” whereby early findings are subjected to contra-
diction (21). Nevertheless, 242 new analyses and reviews that
explored the relationship came out before 2008, and all but one
disproportionally cited the positive articles and amplified the
claim within the community. Some reviews even made the
claim firmer and more general than it had been in its initial
context. As a consequence of this cascade of support, interpre-
tation of new experiments neither doubted the claim nor
explored other possible roles of �-amyloid. A 2010 paper takes
a wider view and shows how �-amyloid may beneficially func-
tion as an antimicrobial peptide in the innate immune system
(20). This insight raises the possibility that Alzheimer disease is
infectious and suggests novel treatment strategies. Regardless
of this new claim’s efficacy, the information cascade surround-
ing the deleterious effect of �-amyloid almost certainly pro-
longed experimental consideration of its possible beneficial
role in Alzheimer disease and immunity.
Building on this work could allow analysts to identify the scope

of convergence and divergence processes in biology, chemistry,

8 S. Eker et al., paper presented at the Proceedings of the Pacific Symposium
on Biocomputing, 2002.

9 J. Blake, personal communication.
10 The mathematics of belief networks are closely related to those of game

theory, where winning a game parallels the verification of a scientific con-
clusion, and the uncertainty of competitive moves maps to uncertainty
about scientific evidence and assumptions.

11 This approach can be captured by second-order logic in the principle of
bivalence but cannot exist in first-order statements that demand universal
relationships.
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and related fields. Other work has highlighted how research com-
munities aremuchmoreawareof some findings thanothers: those
appearing in their own journals over others published about iden-
tical topics (22). Ultimately, reasoning across the distribution of
untidy statements could allow us to examine the dynamic nature
of research attention in the sciences.

Incorporating Social Structure and Culture

The complete distribution of published research statements
(even perfectly parsed and analyzed) would still ignore depen-

dences between statements induced by communication. To pro-
duce research, scientists engage in multiparty conversations that
span university hallways, workshops, conferences, and libraries.
Research on the social production of science has begun to trace
these linkages using article bylines and acknowledgments to
understand how authors and resources organize around research
problems into teams (23), networks (24), institutions, and regions
(25). In large article collections, author identification has been a
challenge, but recent approaches that usemany article features are
accurate at�98%even for large article collections like PubMed (26).

FIGURE 2. A, hypothetical temporal sequence of experimental findings (1 and 0 in the beakers) and published articles (1 and 0 in the papers) (15). Early findings are
reflected accurately in publications, whereas scientists’ interpretation of later findings incorporate the history of publication into account. B, the broader social network
in which the scientists in A live. The positive correlation between social ties in B and the propositional agreement in A suggests that communication induces accord.
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Improved models of scientific production could allow rea-
soning models to statistically deconvolute social, geographic,
and funding-related dependences among published statements
(27). For example, offline discussions about “the best” tech-
niques for inferring protein interactionswill likely constrain the
range of methods deployed. The projection of social, geo-
graphic, and funding networks onto the network of published
statements exposes correlations, common repetitions likely
induced by the communication of ideas. Fig. 2B illustrates this
correlation between personal relationships and scientific inter-
pretations. A finding corroborated by articles from three labo-
ratories with no known association from distant locales using
different methods is much more persuasive than one repeated
by a Ph.D. advisor and his students. Computational models
conditioned on social dependences might weight independent
statements with greater confidence.
Incorporating social structure could also improve computa-

tional prediction. In a classic analysis, Don Swanson observed
that the community studying Raynaud disease noted blood vis-
cosity as a common symptom and that the socially discon-
nected nutrition community published how dietary fish oil
reduced blood viscosity. Swanson hypothesized that fish oil

could be beneficial for Raynaud disease patients, and it was
found successful in an independent randomized clinical trial
(28). Where scientific elements (e.g. blood viscosity) cross the
social boundaries between communities, co-occurring ele-
ments, problems, and solutions from one domain can be con-
nected with those in another. This approach is the scientific
equivalent of market arbitrage: accelerated by computation, it
could facilitate “conversations” between contemporary andhis-
torical or orphan ideas that were underappreciated in the sci-
entific context of their debut (29).
Beyond social relations, scientists sort into fields with differ-

ing knowledge cultures: methods of reasoning, evidentiary
standards, and styles of articulation (30). Textual clues provide
insight into the patterns that distinguish these cultures. A
meta-analysis of oncology articles found that methods sections
in those citing industry supportwere systematicallymore vague
than in articles citing only government funding (31). Articles
and patents, even for the same discovery, are also quite differ-
ent, with the article emphasizing continuity with previous
research and the patent highlighting distinction. Uneven con-
tact between related fields leads to concepts from one domain
having imperfect analogs in another. The gene of genetics (the

FIGURE 3. Elements, context, and processes involved in scientific reasoning. Arrows represent causes or influences. The figure emphasizes the scope of
first-generation computational reasoning and the emerging second-generation reasoning we describe in this minireview.
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basic unit of heredity) historically had an emphasis and theo-
retical function distinct from the gene of biochemistry (an
encoding segment of DNA), but the two have becomemangled
with contact. When scientists move between fields or draw
from multiple domains, meanings intermix. Established terms
attract new meanings over time as the context and concerns of
research shift (32). In this way, fields, communities, and even
individuals within papers host multiple clustered but distinct
symbolic systems: their texts draw concepts from a mixture of
ontologies.
Following this logic, reasoners could be trained to account

for cultural bias. By computationally classifying published
statements and estimating the likelihood that each class will
enter scientific discourse, reasoners could reweight certainty in
underrepresented claims. For example, the results of successful
experiments appear in print much more frequently than those
of unsuccessful ones. This approach could quantify that likeli-
hood and begin to correct for it. It might also enable prediction
by suggesting that logically possible but never published nega-
tive statements (e.g. the human gene MIR96 does not increase
susceptibility to heart disease) aremore likely than unpublished
positive ones in densely crowded research areas, but less so in
sparse ones between disciplines where many questions remain
unasked.
Reasoners that account for the sociocultural dispersion of

statements could enable us to recover the mixture of cognitive
ontologies that gave rise to them. This could highlight (and
subject to testing) higher level ontological disputes in science
that lie above the level of most ad hoc hypotheses. Theoretical
progress is often associated with the reconciliation of ontolo-
gies from multiple theories. Consider the merger of evolution
and genetics that precipitatedmodern evolutionary theory (33)
or the common impulse in physics to generate a unified theory.
Separating, formalizing, and explicitly comparing the concep-
tual ontologies that give rise to statements may create novel
opportunities to blend ontologies for theoretical experimenta-
tion and improvement.6

Conclusion

The rapidly increasing volume and electronic availability of
published science can seem overwhelming to the modern bio-
scientist. It also poses a unique opportunity. Recent advances
in natural language processing, ontology construction, and
reasoning models are being brought together by scientists to
computationally read and reason. As analysts begin to
extract more of the richness from texts, computational rea-
soners may become capable of modeling certainty and gen-
erating predictions based on the full range of factors scien-
tists have always considered, including the sociocultural
processes through which science is produced. Fig. 3 dia-
grams relationships between published science, ontologies,
and reasoning in the scientific system. It points to this
expansion of features that researchers are beginning to
engage in their models of science and their tools to analyze
and advance it.
Many obstacles remain, including the need for better models

of the production of language and science, more efficient algo-
rithms, and faster computation. Nevertheless, computational

extraction and reasoning with ontologies have already begun to
help scientists overcomesomeof the limitationsofworkingwithin
a distinct community. By expanding the set of useful documents
through text mining, scientists enlarge the distribution from
which theycansample ideasandextend the lengthandpotential of
their inferences.Reasoningmodelshaveallowedscientists tocom-
plete paradigms, like working out the genetic details of hypothe-
sized biopathways. They are also beginning to enable ontology
comparison,whichcould flagopportunities for theoretical recom-
bination that punctuate scientific advance (see supplemental
data).
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23. Guimerà, R., Uzzi, B., Spiro, J., and Amaral, L. A. (2005) Science 308,

697–702
24. Newman, M. E. (2004) Proc. Natl. Acad. Sci. U.S.A. 101, 5200–5205
25. Jones, B. F., Wuchty, S., and Uzzi, B. (2008) Science 322, 1259–1262
26. Smalheiser, N. R., and Torvik, V. I. (2009)Annu. Rev. Inform. Sci. Technol.

43, 287–313
27. Heckerman, D., Chickering, D. M., Meek, C., Rounthwaite, R., and Kadie,

C. (2001) J. Mach. Learn. Res. 1, 49–75

28. Swanson, D. R. (1990) Bull. Med. Libr. Assoc. 78, 29–37
29. Yetisgen-Yildiz, M., and Pratt, W. (2006) J. Biomed. Inform. 39, 600–611
30. Knorr-Cetina, K. (1999) Epistemic Cultures: How the Sciences Make

Knowledge, p. xiii, Harvard University Press, Cambridge, MA
31. Knox, K. S., Adams, J. R., Djulbegovic, B., Stinson, T. J., Tomor, C., and

Bennet, C. L. (2000) Ann. Oncol. 11, 1591–1595
32. Feder, M. E. (2007) J. Exp. Biol. 210, 1653–1660
33. Fisher, R. A. (1930) The Genetical Theory of Natural Selection, Clarendon

Press, Oxford

MINIREVIEW: Advancing Science through Mining Libraries

23666 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 27 • JULY 8, 2011



Thematic Minireview Series on Biological Applications of Mass
Spectrometry*
Published, JBC Papers in Press, June 1, 2011, DOI 10.1074/jbc.R111.266700

F. Peter Guengerich1

From the Department of Biochemistry and Center in Molecular Toxicology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232-0146

Mass spectrometry is a powerful technique with many appli-
cations in biology as well as chemistry and physics. The
increases in sensitivity and resolution of the instruments, cou-
pled with improvements in the analysis of data, have opened
new dimensions in analyses of complex biological systems.
Examples presented here include drug metabolism, lipid analy-
sis, metabolomics, quantitative proteomics, direct analysis of
intact proteins, and imaging of both small molecules and pro-
teins in tissues.

Mass spectrometry is not a new analytical method, going
back more than 100 years to work on mass/charge ratio deter-
mination by W. Wien, J. J. Thomson, and other physicists (1).
Mass spectrometers perform one simple measurement: the
analysis of mass. Early work in the field led to the discovery of
isotopes and, by the 1930s, the association with chemical struc-
tures. Mass spectrometry became essential in the characteriza-
tion of natural products and synthetic chemicals, leading to
biological applications. Some major advances included the use
of isotopic labeling methods, direct coupling to gas and then
liquid chromatography, and introduction of softer ionization
methods allowing for the direct analysis of macromolecules (2).
The first of the six minireviews in this series, by Mingshe

Zhu, Haiying Zhang, and W. Griffith Humphreys, deals with
modern applications of high-resolution mass spectrometry to
the metabolism of drugs. In particular, so-called “mass defect”
screening makes use of the small non-integral differences in
molecular masses to facilitate the analysis of metabolites of
drugs in complex biological systems. These methods can, of
course, be applied to studies of the metabolism of other small
molecules.
The second minireview, by Robert C. Murphy and Simon J.

Gaskell, addresses lipids and applications of mass spectrome-
try, including the topics of lipidomics, modern approaches to
lipid quantitation and double bond positional analysis, ion
mobility analysis, and imaging in tissues.

The third minireview, by Zhentian Lei, David V. Huhman,
and LloydW. Sumner, deals with metabolomics and the use of
mass spectrometry to study complex aspects of metabolism.
This field is growing in applications in plant science, human
disease, and many other areas and is the subject of many sym-
posia, etc. Instrumental and experimental design issues are
discussed.
The fourth minireview, by Fang Xie, Tao Liu, Wei-Jun Qian,

VladislavA. Petyuk, andRichardD. Smith, focuses on proteom-
ics, particularly quantitative analysis of proteins in these stud-
ies. This is a more challenging problem than in the case of
mRNA profiling, but a number of major advances have been
made with isotopic labels.
The fifth minireview, by Jeremiah D. Tipton, John C. Tran,

AdamD. Catherman, Dorothy R. Ahlf, Kenneth R. Durbin, and
Neil L. Kelleher, also deals with aspects of proteomics but with
a different objective: the analysis of intact proteins by mass
spectrometry (a feat few imaged 40 years ago). There are a num-
ber of reasons to analyze intact proteins rather than peptides, as
explained here.
The final minireview in this series, by ErinH. Seeley, Kristina

Schwamborn, and Richard M. Caprioli, deals with the use of
mass spectrometry in imaging both small molecules and mac-
romolecules in intact tissues. The concept of using mass as an
imaging parameter leads to potentially exquisite selectivity for
maps of molecules in cells and avoids the use of labeled probes
and specificity issues.
These are not the only uses of mass spectrometry in biology,

but they touch on some of the most important ones. Other
topics for future minireviews may include analysis of nucleic
acids by mass spectrometry, use of carbon dating mass spec-
trometry approaches in analysis of steroids and doping, metab-
olism analysis with accelerator mass spectrometry, and other
analyses ofmetabolomic data. An effort has beenmade tomake
all of these minireviews readable by non-specialists. I hope that
these minireviews will enhance each reader’s research in some
way.
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Mass spectrometry plays a key role in drug metabolite identi-
fication, an integral part of drug discovery and development.
The development of high-resolution (HR) MS instrumentation
with improved accuracy and stability, along with new data pro-
cessing techniques, has improved the quality andproductivity of
metabolite identification processes. In thisminireview,HR-MS-
based targeted and non-targeted acquisition methods and data
mining techniques (e.g. mass defect, product ion, and isotope
pattern filters and background subtraction) that facilitate
metabolite identification are examined. Methods are presented
that enablemultiplemetabolite identification taskswith a single
LC/HR-MS platform and/or analysis. Also, application of HR-
MS-based strategies to key metabolite identification activities
and future developments in the field are discussed.

High-resolution (HR)2MShasmade a huge impact in a num-
ber of analytical fields. Most applications utilize the robust
accuracy of modern instruments to do unsupervised searches
or cataloging of ions present in a given sample. Examples of the
impact of HR-MS on these types of applications are identifica-
tion of unknown proteins (1) and protein modification (2–4),
peptide mapping (5, 6), metabonomics (7), and biomarker dis-
covery (8). Drugmetabolism research is slightly different in that
the ions of interest all arise from a known starting mass, the
administered drug, which can be used as a starting point for
searches. Although the design of specific search techniques that
take advantage of properties of the drug makes finding drug-
related material easier, the fact that these components must be
found in a very sensitive fashion from among a variety of very
complex background matrices still presents many challenges.
The application of HR-MS technology to drug metabolism
shares many similarities with applications in areas such as
forensic science and doping control (9–11).

Targeted searches for metabolites take advantage of the fact
that themajority of drugmetabolites can be categorized as pre-
dictable, i.e. those formed via common biotransformation reac-
tions. However, there are many examples of important metab-
olites that arise from uncommon reactions and are thus not
easily predicted a priori. Molecular masses of predictedmetab-
olites (m/z values) can be readily calculated based onmass shifts
from the parent drug (e.g. the protonatedmolecularmass ofM2
and M5 of nefazodone is that of the parent drug plus 15.9949
Da) (Fig. 1). Detection of expected metabolites by LC/MS can
be accomplished by acquisition of full-scan MS data sets using
variousMS instruments, followed by extracted ion chromatog-
raphy (EIC) of the ions (e.g. ion atm/z 486.2272 forM2 andM5
in Fig. 1) (12, 13). Themost challenging task inmetabolite iden-
tification by LC/MS is the detection and structural elucidation
of trace levels of unexpected metabolites in the presence of
large amounts of complex interference ions from endogenous
components (14–16).
Since electrospray instrumentswere introduced in the 1990s,

great efforts were made to develop MS methodologies that
enabled fast, sensitive, and accurate identification of metabo-
lites. In 2001, Clarke et al. (17) outlined a widely applied strat-
egy for the identification of metabolites in biological matrices
using LC/MS. The approach relied on precursor ion (PI) or
neutral loss (NL) scan functions based on the predicted frag-
ment ions ofmetabolites and often requiredmultiple injections
to detect different metabolites (18). Once metabolite ions were
found, multistage product ion scans (MSn) on an ion trap
instrument were carried out to obtain more detailed fragmen-
tation pathways for structure elucidation (12, 19). HR-MS
instruments were utilized in cases when determination of
empirical formulae of metabolites or their fragments was
required (20–22). This comprehensive approach was effective
in identifying unexpected metabolites but required multiple
instruments and several MS experiments (21, 23). In the past
6–8 years, new and improved HR-MS instruments (24–27)
and data processing techniques (18, 28–38) have been
developed for metabolite identification. As a result, HR-MS
instruments are now capable of accomplishing all requisite
metabolite identification tasks with significantly improved pro-
ductivity and quality (33, 37–40). In thisminireview, we discuss
a new approach for drugmetabolite identificationwithHR-MS,
including data acquisition and data mining technologies,
employed in support of metabolite identification in drug dis-
covery and development.

Paradigm Shift in Drug Metabolite Identification

Modern HR-MS instruments, including quadrupole (Q)
TOF- and Fourier transform-based instruments, provide ion
measurements with high-resolution (�10,000 at full-width at
half-maximum) and accurate mass (�5 ppm deviation) capa-
bilities (24, 25). This enables collection of data that can distin-
guish drugmetabolites frommost if not all isobaric endogenous
components and that can determine elemental compositions of
metabolite ions and their fragments. However, most HR-MS

* This is the first article in the Thematic Minireview Series on Biological Appli-
cations of Mass Spectrometry. This minireview will be reprinted in the 2011
Minireview Compendium, which will be available in January, 2012.

□S The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Figs. 1 and 2.
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instruments are not able to perform PI or NL scans, which are
traditionally used for the detection of unexpected metabolites
(17, 23). To enable HR-MS to be routinely employed in drug
metabolism laboratories, the MS platform must be capable of
detecting unexpected metabolites via methods that are not
dependent on the PI and NL scanning techniques. To accom-
plish this goal, various HR-MS-based data acquisition and data
mining technologies have been developed. These efforts have
led to the introduction of new HR-MS-based analytical strate-
gies for drug metabolite identification (Fig. 2), which differ
from the multistep LC/MS approach described above (17, 23).
The first step of the HR-MS approach is to acquire full-scan
HR-MSandproduct ion spectral data sets for all components or
selected species in a biological sample using data-dependent
MS/MS acquisition methods or pseudoMS/MS experiments
(Table 1). The second step is to find drugmetabolite ions and
their product ion spectra from the data sets with various data
mining tools (Table 1). The third step is to elucidate metab-
olite structures based on their accurate molecular masses,
product ion spectra, and relevant drug biotransformation
knowledge. In this new approach, detection of drug metab-
olites is accomplished via post-acquisition data mining
rather than direct PI and NL scans. The HR-MS process does
not require the determination of product ion spectra of the
parent drug or construction of experimental data-based
acquisition protocols prior to data acquisition. Recording of
full-scan MS and product ion spectral data sets for profiling
of components including metabolites present in a biological
sample can be completed in one or a few LC/MS injections
(Table 1). In many cases, data acquisition of multiple sam-
ples by HR-MS can be performed continuously (34, 38) with
off-line data mining (41). HR-MS instruments with data
mining techniques have the potential to greatly increase the
speed, selectivity, sensitivity, accuracy, and comprehensive
nature of metabolite detection and identification and to fun-
damentally change the way that many drug metabolism and
disposition studies are conducted (26, 41–43).

Data Mining Methods for Finding Drug Metabolites

Summarized in Table 1 are data mining methods commonly
employed in the HR-MS-based approach, including their
metabolite detection mechanisms, common application, and
limitations (Fig. 2).
Mass Defect Filter (MDF)—MDF is one of the first processing

methods developed for detection of metabolites using full-scan
HR-MS data. It is based on the realization that mass defect
values (i.e. the exact mass difference of a compound from a
given nominalmass) ofmetabolites fall within a defined narrow
window related to that of the parent drug (Table 1) (28). The
software-based data processing technique imposes a filter on
the mass defect dimension of LC/HR-MS data to exclude ions
outside of the window so that ions corresponding to metabo-
lites can be substantially enriched.Multiple filters can be imple-
mented by examining the change in the mass defect window
from different types of biotransformation reactions, including
metabolites derived from internal bond cleavages or conjuga-
tion reactions (41). As initially designed (18), MDF templates

FIGURE 1. Detection of nefazodone metabolites by various HR-MS technologies. Representative metabolites and their molecular ions and fragmentations
are displayed, including predictable metabolites (M2, M5, and M13) and an unpredictable metabolite (M4). EIC analysis detected M2, M5, and M13 based on
their predicted mass shifts. The detection of M2, M4, and M5 via NLF with m/z 196.0767 and 224.1080 and PIF with m/z 246.1243 and 274.1556 based on a
fragmentation pattern similar to that of the parent drug is demonstrated. (These metabolites were detected by NL and PI scans using a nominal mass triple
quadrupole instrument in previous work (18).) MDF using HR-MS was capable of finding all metabolites based on their predicable mass defect ranges
(highlighted in blue; 0.2323 Da for the parent) similar to those of the parent drug or a core substructure (18).

FIGURE 2. General scheme of HR-MS-based approaches to drug metabo-
lite detection and identification.

MINIREVIEW: Drug Metabolite Profiling with HR-MS

25420 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 29 • JULY 22, 2011



allowed searches of mass defects and nominal masses centered
around those of the parent, substructures of the parent, and
conjugates for detection of metabolites similar to those of the
parent (35), fragments of the parent (18, 48), and conjugates
(39), respectively. For example, the use of nefazodone as an
MDF template was able to detectM2,M4, andM5, as they have
mass defect values similar to the parent drug (Fig. 1).
Although the sensitivity and selectivity of MDFs are com-

pound- and matrix-dependent, the utility of this data mining
technology has been demonstrated in the analysis of various
types of metabolites in liver microsome (LM) incubations (18,
39), plasma (18, 35, 40, 44), bile (26), feces (28, 45), urine (46),
and brain microdialysates (47). For example (48), an unpro-
cessed total ion chromatogram from the full-scan MS analysis
of GSH adducts of ticlopidine displayed several GSH adducts
along withmultiple background peaks (Fig. 3A). Processing the
LC/MS data with a GSH conjugate MDF removed most back-
ground peaks to revealmany additional GSH adduct peaks (Fig.
3B). TheMDF technique provides a simple and effective way to
find unknown drug metabolites from full-scan HR-MS data
regardless of their molecular masses or fragmentation patterns
(41).Most commercially availableMSdata processing packages
developed for metabolite identification have implemented

MDF or related data processing algorithms, some of which are
capable of automatic customization of multiple MDF tem-
plates, including substructure filters (32).
Product Ion Filter (PIF) and NL Filter (NLF)—PIF and NLF

apply the same mechanisms for drug metabolite detection
(Table 1) as the PI or NL scan functions used with a triple
quadrupole instrument (17). However, as post-acquisition
MS/MS datamining tools, PIF andNLF have significant advan-
tages over PI and NL scanning. First, PIF and NLF do not
require predetermination of the product ion spectrum of the
parent drug because the information is recorded along with the
acquisition of the initial MS data set (29, 34). Also, HR-PIF and
HR-NLF are highly selective, so, in some cases, these data min-
ing tools were able to find trace amounts of unexpectedmetab-
olites thatwere not found byMDF (34). The effectiveness of PIF
and NLF depends on the availability of high-quality MS/MS
spectral data of unknownmetabolites. It is extremely challeng-
ing to automatically record MS/MS spectra of minor metabo-
lites in the presence of high levels of a large number of endog-
enous components mainly due to the limited MS/MS scanning
speed. MSE (all-in-one scan) and intensity-dependent MS/MS
scans (Table 1) have been successfully applied to record non-
targeted MS/MS spectra of in vitro metabolites, allowing for

TABLE 1
Data acquisition and post-acquisition data mining methods commonly employed in drug metabolite identification by HR-MS

Method Operation or metabolite detection mechanism Applications and limitations

Data acquisition method
Intensity-dependent (34) Full-scan MS to trigger MS/MS acquisition of ions

above preset intensity
Generic acquisition method suited for fast
profiling of in vitrometabolite; not suited for
complex samples

“All-in-one” scan (MSE scan) or
related method (29, 31)

Derived full-scan MS method in which full-scan
MS with alternated low and high collision
energies is performed

Generic acquisition method suited for fast
profiling of in vitrometabolites; generation of
pseudo MS/MS spectra; may not be suited for
trace metabolites co-eluted with large
amounts of interference ions

List-dependent (62) Full-scan MS to trigger MS/MS acquisition of
preset metabolite ions

Targeted MS/MS acquisition with high
sensitivity; compound-dependent acquisition
method not suited for fast metabolite profiling

NL-dependent (63) MSE scan to trigger MS/MS acquisition of ions that
undergo specific NL fragmentation

Targeted MS/MS acquisition of conjugated
metabolites; incapable of recording MS/MS
spectrum of a metabolite with unpredictable
fragmentation

Isotope pattern-dependent (54, 56) Full-scan MS to trigger MS/MS acquisition of ions
that display a specific isotope pattern

Capable of triggering MS/MS acquisition of
minor metabolites with a specific isotope
pattern; compound-dependent acquisition
method not suited for various metabolites

Mass defect-dependent (66) Full-scan MS to trigger MS/MS acquisition of ions
with mass defects in a specific range

Capable of triggering MS/MS acquisition of
minor metabolites in a complex sample;
compound-dependent acquisition method not
suited for fast metabolite profiling

Data mining method
EIC (20) Predicted molecular mass Sensitive detection of expected metabolites; not

suited for detecting a metabolite with an
unpredictable molecular mass

MDF (18, 28) Predicted mass defect window Suited for all types of metabolites; sensitivity and
selectivity depend on matrix

PIF (29, 34, 50) Predicted product ion Sensitive detection of unexpected metabolites;
not suited for metabolites that do not generate
significant predictable product ion

NLF (29, 34) Predicted NL fragmentation Sensitive detection of unexpected metabolites;
not suited for metabolites that do not undergo
significant predictable NL fragmentation

IPF (37, 51) Predicted isotope pattern Sensitive detection of unexpected metabolites;
not suited for metabolites that have no unique
isotope pattern

Background subtraction (30, 36) Metabolite ion not present in control sample Suitable for all types of metabolites; sensitivity
and selectivity depend on background samples
applied

Control sample comparison (31) Ion chromatographic peak not present in control
sample

Suitable for all types of metabolites; less sensitive
and selective than background subtraction
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data processing with PIF or NLF (29, 34, 49, 50). In addition, a
few studies have shown the use of this approach in analyzing in
vivometabolites (51). The performance of PIF and NLF is also
dependent on the predictability of fragmentation patterns of
potential metabolites, which can be either derived from prod-
uct ion spectra of the parent or knownmetabolites or predicted
based on common fragmentation of conjugatedmetabolites. In
general, PIF and NLF are data processing techniques that are
favorable for detection of conjugated metabolites (29, 52, 53).
Isotope Pattern Filter (IPF)—IPF has been employed with

nominal mass resolution full-scan MS data to extract drug
metabolite ions exhibiting distinct isotope patterns not typi-
cally found among endogenous matrix components. With
LC/HR-MS data and improved software algorithms, the detec-
tion selectivity and sensitivity of IPF have been dramatically
enhanced (37, 51, 54), HR-IPF works nicely with metabolites
from chlorine- or bromine-containing drugs or a mixture of a

drug and its stable isotope-labeled drug (55, 56). A typical IPF-
processed in vitrometabolite profile shows mainly compound-
related peaks, with most background peaks from the unpro-
cessed profile eliminated (supplemental Fig. 1A).
Background Subtraction—Background subtraction has been

used for many years to attempt to find species that are present
in a test sample but not in a control sample. However, the chal-
lenges of background subtraction with nominal mass resolu-
tion data have been that isobaric ions are typically not resolved,
and sample components shift between chromatograms, both of
which affect the quality of background-subtracted spectra.
LC/HR-MS data sets significantly enhance the potential to
selectively subtract background ions; however, the algorithms
must be able to accommodate intensity and retention time fluc-
tuations of individual sample matrix components so that com-
mon components between the test and control samples can be
thoroughly subtracted even with not so perfectly matched con-
trol sample data sets (30, 33, 36, 57, 58). These improved back-
ground subtraction approaches have been demonstrated to be
quite sensitive and selective in detecting in vitro (supplemental
Fig. 1B) and in vivo (30, 33, 36, 57) metabolites in complex
matrices. Of course, the background subtraction approach
requires a good control sample.
DataMining Using Combined ProcessingMethods—As sum-

marized in Table 1, metabolite detection employing the afore-
mentioned data mining techniques can be applied together
using combination strategies (41). Such strategies have demon-
strated improvements in all measures of metabolite detection.
For example, a strategy was developed for the rapid profiling
and identification of in vitrometabolites on an orbitrap instru-
ment for data acquisition and multiple data mining tools in
parallel for metabolite detection and MS/MS spectral retrieval
(34). In this strategy, full-scan HR-MS and MS/MS data sets
were acquired with a generic intensity-dependent method and
then processed with EIC, MDF, PIF, and NLF techniques. The
EIC process was employed to find expected metabolites by fol-
lowing predictedmolecular masses. TheMDF process was able
to find uncommon metabolites based on the mass defect simi-
larity of metabolites to those of the parent drug and its core
substructures. In addition, the PIF and NLF processes detected
additional unexpected minor metabolites that underwent frag-
mentation pathways similar to those of the parent drug or its
metabolites. The parallel use of these techniques proved to be
very effective in detecting both expected and unexpected
metabolites.
Another strategy of using multiple data mining tools is

through tandem data processing, in which a second data min-
ing technique is applied to data that have already been pro-
cessed. The purpose of this tandem strategy is to reduce or
eliminate background peaks not successfully removed in a pro-
file processed using a single technique. For example, multiple
MDFs were applied to remove ions from profiles generated
from EIC for in vitro screening of oxidative metabolites (31).
Another example of this strategy was the use of MDF to
improve the selectivity of background subtraction for in vivo
profiling of troglitazone metabolites (33). Although the data
mining techniques described here are optimized for detection
of metabolites, very similar applications of MDF, background

FIGURE 3. HR-MS analysis of GSH-trapped reactive metabolites of ticlopi-
dine in rat LMs using various data mining methods. A, unprocessed pro-
file. The asterisks indicate background ions and/or drug-related components
that are not GSH adducts. B, processed profile using the parent drug GSH
adduct MDF template. C, unprocessed full-scan MS spectrum of M1. D, MDF-
filtered full-scan MS spectrum and structure of M1 (P � GSH � O � 4H, m/z
583.1088). E, full-scan MS spectrum of an N-dealkylated GSH conjugate, M3
(C6H4ClCH � GSH � O, m/z 463.1325). M3 was detected using a dealkylation
GSH adduct MDF template (data not shown) (48). The incubation was con-
ducted with ticlopidine (10 �M), rat LMs (1 mg/ml), and a mixture of GSH (1
mM) and stable isotope-labeled GSH (1 mM) for 30 min. M1–M17 are detected
peaks of GSH-trapped metabolites. This figure was adapted with permission
from Ref. 48.
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subtraction, and IPF processing techniques have been applied
in areas such as metabonomics (58) and proteomics (59, 60).

Data Acquisition Methods Facilitating Drug Metabolite
Identification

Along with improved resolution, accuracy, sensitivity, and
dynamic range, new HR-MS instruments also have improved
data acquisition methods. These methods are designed either
to generate non-targeted MS/MS data set so that PIF and NLF
can be applied for metabolite detection or to enable data-de-
pendent acquisition of MS/MS spectra of targeted metabolites
to increase the speed of the metabolite identification process
(Fig. 2). Summarized in Table 1 are data acquisition methods
commonly used for HR-MS to perform drugmetabolite identi-
fication experiments, including their operational mechanisms,
applications, and limitations.
Data Acquisition Methods That Generate Pseudo MS/MS

Data—TheMSE scan function was first applied to drug metab-
olite profiling and identification on the Waters Q-TOF plat-
form (29, 31, 35), and subsequently, similar methods were
employed on orbitrap instrumentation (57, 61). In the MSE
acquisition, full-scan MS experiments at alternating low and
high collision energies are performed, resulting in collection of
two data sets. The full-scan MS data sets recorded at low colli-
sion energy display mainly molecular ions, whereas the full-
scan MS data sets recorded at high collision energy exhibit
mainly fragment ions (pseudo MS/MS spectra). As the MSE
scan is capable of fragmenting all components, approaches
such as PIF and NLF can be applied to process the data. MSE
acquisition in conjunction with PIF and NLF data mining has
been successfully applied to detection of in vitro metabolites
(29) and, in some cases, in vivo metabolites (54). In addition,
pseudoMS/MS spectra of identifiedmetabolites may be recon-
stituted for metabolite structural elucidation. However,
because the software-derived pseudo MS/MS spectra may
include fragment ions from co-eluted components or may not
retain all small fragment ions derived from a metabolite PI,
caution should be used in the interpretation of this type of
MS/MS data. Alternatively, intensity-dependent MS/MS
acquisition (Table 1) on an orbitrap instrument followed by
processing MS/MS data using PIF and NLF has been shown to
be effective in analysis of in vitrometabolites (34, 49, 50).
Data Acquisition Methods That Generate MS/MS Data—

Four types of HR data-dependent acquisition methods can be
employed to specifically trigger MS/MS spectral acquisition
based on metabolite properties, including list-dependent (62),
NL-dependent (63), isotope pattern-dependent (54, 56), and
MDF-dependent (Table 1) MS/MS acquisition. Although each
of these data-dependent methods has its own advantages and
limitations, all of them exhibit excellent sensitivity and selectiv-
ity in recording MS/MS spectra (Table 1). List-dependent
MS/MS acquisition is routinely used for sensitive recording of
MS/MS spectra for expected metabolites or metabolites
detected in previous LC/MS runs (62). Recently, an MDF-de-
pendent MS/MS acquisition method was introduced along
with an improvedQ-TOF platform (64). MultipleMDFs can be
applied to trigger data-dependent acquisition. Preliminary
results using this method indicate that it can facilitate selective

MS/MS acquisition of low levels of metabolites in complex bio-
logical samples. The method does require construction of
acquisition protocols for each compound tested, whichmust be
done prior to data acquisition and may hinder throughput.

Application to Metabolite Identification Processes

Low-level Drug Metabolite Identification and Structure
Elucidation—The determination of the structure of a drug
metabolite requires mass spectral information on both its
molecular formula and fragmentation. New HR-MS-based
technologies not only aid in detection of metabolites but also
can facilitate metabolite structure elucidation (Fig. 2). For
example,M1, a veryminorGSHadduct (Fig. 3C), was generated
in a rat LM incubation with ticlopidine and detected with an
MDF process (Fig. 3B), which led to the identification of its
molecular mass (M � H� � 583.109). The molecular formula
of M1 (C24H28ClN4O7S2) was assigned based on the molecular
mass and comparison with the elemental composition of the
parent, and the structure was tentatively assigned based on a
fragment atm/z 547.132 arising from the loss of HCl (fragmen-
tation depicted in Fig. 3D). Although the assignment based on
this fragment could have been made with nominal mass data,
seeing the fragment at the correct exact mass gives added con-
fidence in the assignment (48). Full-scan HR-MS spectral data
were able to distinguish the protonated molecular ion of M3 at
m/z 463.132, a dealkylated GSH adduct of ticlopidine, from an
interference ion at 463.098 (Fig. 3E). In addition,M3displays an
almost identical isotope pattern to that simulated for the pre-
dictedM3molecular formula (supplemental Fig. 2). Therefore,
the structure of M3 (Fig. 3E) was determined based solely on
the full-scan MS spectrum with high confidence (48). This
example illustrates the use of HR-MS and HR-MS/MS data in
complete metabolite identification. There has been some pro-
gress in the development of software that allows automated
assignment of product ion structures based on HR-MS/MS
data to aid in metabolite structure determination (65, 66).
Metabolic Soft-spot Determination—Analysis of in vitromet-

abolic soft spots is a key task in lead optimization during the
drug discovery stage (43). Typically, test compounds are incu-
bated with LMs or hepatocytes and then subjected to LC/MS
analysis. Results from the metabolic soft-spot determination
study are very valuable in medicinal chemistry efforts to refine
drug candidates throughmodifyingmoieties wheremajor met-
abolic reactions take place. The HR-MS approach offers many
benefits that help meet the needs for providing fast turnaround
time and high-quality results (Fig. 2). For example, rapid LC
coupled with Q-TOF-MS has been employed for increased
throughput analysis (31, 38). In the analysis, data acquisition is
performed with the MSE scan function. The detection of
metabolites is accomplished via data processing with auto-
mated mass defect filtering and control sample comparison. A
similar approach has been implemented on an orbitrap plat-
form in which intensity-dependent MS/MS scans followed by
data mining with multiple processing techniques are used for
metabolite detection (34). A comprehensive method that uses
HR-MS data to generate metabolite soft-spot as well as metab-
olite formation kinetic data at concentrations that are more
therapeutically relevant has also been developed (67). Although
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different data acquisition methods are employed with different
HR-MS platforms, the approaches share several common fea-
tures, including the use of generic acquisition methods and the
recording of both full-scan HR-MS and HR-MS/MS data from
a single injection.
Sensitive Screening of Reactive Metabolites—Another key

task in drug discovery is the detection and structural character-
ization of reactive metabolite formation, routinely carried out
via trapping experiments after addition of nucleophiles such as
GSH to incubations with LMs, followed by LC/MS analysis (68,
69). Results from the assessments allow the design of new lead
compounds with reduced bioactivation potential. To date, sev-
eral HR-MS-based methods with different data mining pro-
cesses have been developed for sensitive reactive metabolite
screening, including the use of MDF (39, 48), IPF (56), back-
ground subtraction (30), and combinations of data mining
techniques (55). Results from several laboratories have demon-
strated that these methods are effective in support of discovery
efforts. For example, theMDF (Fig. 3B), IPF (supplemental Fig.
1A), and background subtraction (supplemental Fig. 1B) pro-
cessing of a full-scan data file from analysis of GSH adducts of
ticlopidine in rat LMs was able to detect a number of minor
GSH adducts, including M1 (Fig. 3D), that otherwise would be
lost in background noise (Fig. 3A). The selectivity of IPF is
excellent and themethod suitable for routine analysis; however,
it requires the use of stable isotope-labeled GSH.
Comprehensive Profiling of Plasma Metabolites—Tradition-

ally, the determination of metabolite profiles in human and
animal plasma has been carried out via studies with a radiola-
beled version of the drug during late clinical development (44,
70). Recent efforts to improve the quality of later trials and to
ensure that the safety of metabolites is adequately tested
(United States Food and Drug Administration, www.fda.gov/
downloads/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/ucm079266.pdf) have prompted the pharmaceuti-
cal industry to develop alternative strategies for assessing
human exposure to metabolites earlier in the development
process (71). One attractive approach is to profile and estimate
plasmametabolite levels in the initial single ormultiple ascend-
ing dose studies. The success of this approach depends on the
comprehensive detection and identification of relevant metab-
olites in humanplasma samples. Several pilot studies have dem-
onstrated that HR-MS instruments, together with post-acqui-
sition data mining (Table 1), are capable of accomplishing this
task (18, 35, 40). Early studieswithMDF showed similar profiles
of plasma metabolites between radiodetection and MDF-pro-
cessed HR-MS data after dosing monkeys with a radiolabeled
drug candidate (44). In addition to MDF, background subtrac-
tion algorithms have been shown to be effective in the compre-
hensive analysis of plasma metabolites of troglitazone in rats
(54). Although each of the data mining techniques has its own
advantages and limitations, these studies show the great poten-
tial of HR-MS-based methodologies for detection and identifi-
cation of plasma metabolites (Fig. 3 and Table 1).

Future Perspective

The rapid development of stable and rugged HR-MS instru-
ments has provided an opportunity to dramatically alter the

processes used for metabolite identification.Many laboratories
have already incorporated these instruments into their pro-
cesses and, along with instrument manufacturers, are rapidly
improving hardware and software. New software is likely to be
available in the near future that will take advantage of HR-
MS/MS data to allow improved automated fragment assign-
ments, leading to rapid metabolite structure elucidation. Even
more fundamental changes may be on the horizon as HR-MS
instruments are developed that can fully support quantitative
workflows (72, 73). These instruments have the potential to
simultaneously provide both qualitative and quantitative infor-
mation on multiple analytes, including metabolites (61). Addi-
tionally, it should be possible to use data sets for multiple pur-
poses, e.g. data sets collected formetabolite identification could
be used for biomarker discovery. Many research endeavors
beyond drug metabolism will also be harnessing the accuracy,
speed, and sensitivity of modern HR-MS instruments to pro-
foundly impact the way data are collected, processed, and
analyzed.
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10. Jiwan, J. L., Wallemacq, P., and Hérent, M. F. (2011) Clin. Biochem. 44,

136–147
11. Thevis, M., Thomas, A., Kohler, M., Beuck, S., Moller, I., Schafer, M.,

Rodchenkov, G., Yin, S., Loo, J. A., Geyer, H., and Schanzer,W. (2010)Eur.
J. Mass Spectrom. 16, 301–312

12. Tiller, P. R., and Romanyshyn, L. A. (2002) Rapid Commun. Mass Spec-
trom. 16, 1225–1231

13. Castro-Perez, J., Plumb, R., Granger, J. H., Beattie, I., Joncour, K., and
Wright, A. (2005) Rapid Commun. Mass Spectrom. 19, 843–848

14. Blair, I. A. (1993) Chem. Res. Toxicol. 6, 741–747
15. Baillie, T. A., and Davis, M. R. (1993) Biol. Mass Spectrom. 22, 319–325
16. Ma, S., and Chowdhury, S. (2007) inDrugMetabolism in Drug Design and

Development: Basic Concepts and Practice (Zhang, D., Zhu,M., andHum-
phreys, W. G., eds) pp. 319–367, John Wiley & Sons , Inc., Hoboken, NJ

17. Clarke, N. J., Rindgen, D., Korfmacher, W. A., and Cox, K. A. (2001)Anal.
Chem. 73, 430A–439A

18. Zhu, M., Ma, L., Zhang, D., Ray, K., Zhao, W., Humphreys, W. G., Skiles,
G., Sanders,M., and Zhang, H. (2006)DrugMetab. Dispos. 34, 1722–1733

19. Anari, M. R., Sanchez, R. I., Bakhtiar, R., Franklin, R. B., and Baillie, T. A.
(2004) Anal. Chem. 76, 823–832

20. Zhang, N., Fountain, S. T., Bi, H., and Rossi, D. T. (2000) Anal. Chem. 72,
800–806

MINIREVIEW: Drug Metabolite Profiling with HR-MS

25424 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 29 • JULY 22, 2011

http://www.jbc.org/cgi/content/full/R110.200055/DC1
http://www.jbc.org/cgi/content/full/R110.200055/DC1
http://www.jbc.org/cgi/content/full/R110.200055/DC1
http://www.jbc.org/cgi/content/full/R110.200055/DC1


21. Ma, S., Chowdhury, S. K., and Alton, K. B. (2006) Curr. Drug Metab. 7,
503–523

22. Chen, G., Daaro, I., Pramanik, B. N., and Piwinski, J. J. (2009) J. Mass
Spectrom. 44, 203–213

23. Prakash, C., Shaffer, C. L., and Nedderman, A. (2007)Mass Spectrom. Rev.
26, 340–369

24. Perry, R. H., Cooks, R. G., and Noll, R. J. (2008) Mass Spectrom. Rev. 27,
661–699

25. Bristow, A. W. (2006)Mass Spectrom. Rev. 25, 99–111
26. Sanders, M., Shipkova, P. A., Zhang, H., and Warrack, B. M. (2006) Curr.

Drug Metab. 7, 547–555
27. Bristow, T., Constantine, J., Harrison, M., and Cavoit, F. (2008) Rapid

Commun. Mass Spectrom. 22, 1213–1222
28. Zhang, H., Zhang, D., and Ray, K. (2003) J. Mass Spectrom. 38, 1110–1112
29. Wrona, M., Mauriala, T., Bateman, K. P., Mortishire-Smith, R. J., and

O’Connor, D. (2005) Rapid Commun. Mass Spectrom. 19, 2597–2602
30. Zhang, H., and Yang, Y. (2008) J. Mass Spectrom. 43, 1181–1190
31. Mortishire-Smith, R. J., O’Connor, D., Castro-Perez, J. M., and Kirby, J.

(2005) Rapid Commun. Mass Spectrom. 19, 2659–2670
32. Mortishire-Smith, R. J., Castro-Perez, J. M., Yu, K., Shockcor, J. P., Gos-

hawk, J., Hartshorn, M. J., and Hill, A. (2009) Rapid Commun. Mass Spec-
trom. 23, 939–948

33. Zhang, H., Ma, L., He, K., and Zhu, M. (2008) J. Mass Spectrom. 43,
1191–1200

34. Ruan, Q., Peterman, S., Szewc, M. A., Ma, L., Cui, D., Humphreys, W. G.,
and Zhu, M. (2008) J. Mass Spectrom. 43, 251–261

35. Bateman, K. P., Castro-Perez, J.,Wrona,M., Shockcor, J. P., Yu, K., Oballa,
R., and Nicoll-Griffith, D. A. (2007) Rapid Commun. Mass Spectrom. 21,
1485–1496

36. Zhu, P., Ding, W., Tong, W., Ghosal, A., Alton, K., and Chowdhury, S.
(2009) Rapid Commun. Mass Spectrom. 23, 1563–1572

37. Zhu, P., Tong, W., Alton, K., and Chowdhury, S. (2009) Anal. Chem. 81,
5910–5917

38. Tiller, P. R., Yu, S., Castro-Perez, J., Fillgrove, K. L., and Baillie, T. A. (2008)
Rapid Commun. Mass Spectrom. 22, 1053–1061

39. Zhu,M.,Ma, L., Zhang, H., andHumphreys,W.G. (2007)Anal. Chem. 79,
8333–8341

40. Tiller, P. R., Yu, S., Bateman, K. P., Castro-Perez, J.,McIntosh, I. S., Kuo, Y.,
and Baillie, T. A. (2008) Rapid Commun. Mass Spectrom. 22, 3510–3516

41. Zhang, H., Zhang, D., Ray, K., and Zhu, M. (2009) J. Mass Spectrom. 44,
999–1016

42. Baillie, T. A. (2008) Chem. Res. Toxicol. 21, 129–137
43. Zhang, Z., Zhu,M., andTang,W. (2009)Curr. Pharm.Des. 15, 2220–2235
44. Zhu, M., Zhang, D., Zhang, H., and Shyu, W. C. (2009) Biopharm. Drug

Dispos. 30, 163–184
45. Zhang, D., Zhang, H., Aranibar, N., Hanson, R., Huang, Y., Cheng, P. T.,

Wu, S., Bonacorsi, S., Zhu, M., Swaminathan, A., and Humphreys, W. G.
(2006) Drug Metab. Dispos. 34, 267–280

46. Zhang, H., Zhu, M., Ray, K. L., Ma, L., and Zhang, D. (2008) Rapid Com-
mun. Mass Spectrom. 22, 2082–2088

47. Erve, J. C., Beyer, C. E., Manzino, L., and Talaat, R. E. (2009) Rapid Com-
mun. Mass Spectrom. 23, 4003–4012

48. Ruan, Q., and Zhu, M. (2010) Chem. Res. Toxicol. 23, 909–917
49. Peterman, S. M., Duczak, N., Jr., Kalgutkar, A. S., Lame, M. E., and Soglia,

J. R. (2006) J. Am. Soc. Mass Spectrom. 17, 363–375
50. Lim, H. K., Chen, J., Sensenhauser, C., Cook, K., and Subrahmanyam, V.

(2007) Rapid Commun. Mass Spectrom. 21, 1821–1832
51. Cuyckens, F., Hurkmans, R., Castro-Perez, J. M., Leclercq, L., and Mor-

tishire-Smith, R. J. (2009) Rapid Commun. Mass Spectrom. 23, 327–332
52. Ma, L., Wen, B., Ruan, Q., and Zhu, M. (2008) Chem. Res. Toxicol. 21,

1477–1483
53. Yao, M., Ma, L., Duchoslav, E., and Zhu, M. (2009) Rapid Commun. Mass

Spectrom. 23, 1683–1693
54. Cuyckens, F., Balcaen, L. I., DeWolf, K., De Samber, B., Van Looveren, C.,

Hurkmans, R., and Vanhaecke, F. (2008) Anal. Bioanal. Chem. 390,
1717–1729

55. Rousu, T., Pelkonen, O., and Tolonen, A. (2009) Rapid Commun. Mass
Spectrom. 23, 843–855

56. Lim, H. K., Chen, J., Cook, K., Sensenhauser, C., Silva, J., and Evans, D. C.
(2008) Rapid Commun. Mass Spectrom. 22, 1295–1311

57. Zhang, H., Grubb, M., Wu, W., Josephs, J., and Humphreys, W. G. (2009)
Anal. Chem. 81, 2695–2700

58. Zhang, H., Patrone, L., Kozlosky, J., Tomlinson, L., Cosma, G., and Hor-
vath, J. (2010) Anal. Chem. 82, 3834–3839

59. Stagliano, M. C., DeKeyser, J. G., Omiecinski, C. J., and Jones, A. D. (2010)
Rapid Commun. Mass Spectrom. 24, 3578–3584

60. Shi, Y., Bajrami, B., and Yao, X. (2009) Anal. Chem. 81, 6438–6448
61. Bajrami, B., Shi, Y., Lapierre, P., and Yao, X. (2009) J. Am. Soc. Mass Spec-

trom. 20, 2124–2134
62. Krivos, K. L., and Limbach, P. A. (2010) J. Am. Soc. Mass Spectrom. 21,

1387–1397
63. Bateman, K. P., Kellmann, M., Muenster, H., Papp, R., and Taylor, L.

(2009) J. Am. Soc. Mass Spectrom. 20, 1441–1450
64. Li, A. C., Ding, J., Jiang, X., and Denissen, J. (2009) Rapid Commun. Mass

Spectrom. 23, 3003–3012
65. Castro-Perez, J., Plumb, R., Liang, L., and Yang, E. (2005) Rapid Commun.

Mass Spectrom. 19, 798–804
66. Bloomfield, N., and Leblanc, Y. (September 15, 2009) U.S. Patent

7,589,318
67. Hill, A. W., and Mortishire-Smith, R. J. (2005) Rapid Commun. Mass

Spectrom. 19, 3111–3118
68. Leclercq, L., Mortishire-Smith, R. J., Huisman, M., Cuyckens, F., Hart-

shorn, M. J., and Hill, A. (2009) Rapid Commun. Mass Spectrom. 23,
39–50

69. Ramanathan, R., Josephs, J. L., Jemal, M., Arnold, M., and Humphreys,
W. G. (2010) Bioanalysis 2, 1291–1313

70. Ma, S., and Zhu, M. (2009) Chem. Biol. Interact. 179, 25–37
71. Wen, B., and Fitch, W. L. (2009) Expert Opin. Drug Metab. Toxicol. 5,

39–55
72. Humphreys, W. G., and Unger, S. E. (2006) Chem. Res. Toxicol. 19,

1564–1569
73. Zhang, N. R., Yu, S., Tiller, P., Yeh, S., Mahan, E., and Emary, W. B. (2009)

Rapid Commun. Mass Spectrom. 23, 1085–1094

MINIREVIEW: Drug Metabolite Profiling with HR-MS

JULY 22, 2011 • VOLUME 286 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 25425



New Applications of Mass
Spectrometry in Lipid Analysis*
Published, JBC Papers in Press, June 1, 2011, DOI 10.1074/jbc.R111.233478

Robert C. Murphy‡1 and Simon J. Gaskell§

From the ‡Department of Pharmacology, University of Colorado Denver,
Aurora, Colorado 80045 and the §Queen Mary University of London, Mile
End Road, London E1 4NS, United Kingdom

Mass spectrometry has emerged as a powerful tool for the
analysis of all lipids. Lipidomic analysis of biological systems
using various approaches is now possible with a quantitative
measurement of hundreds of lipid molecular species. Although
availability of reference and internal standards lags behind the
field, approaches using stable isotope-labeled derivative tagging
permit precise determination of specific phospholipids in an
experimental series. The use of reactivity of ozone has enabled
assessment of double bond positions in fatty acyl groups even
when species remain in complex lipid mixtures. Rapid scanning
tandemmass spectrometers are capable of quantitative analysis
of hundreds of targeted lipids at high sensitivity in a single on-
line chromatographic separation. Imagingmass spectrometry of
lipids in tissues has opened new insights into the distribution of
lipid molecular species with promising application to study
pathophysiological events and diseases.

Mass spectrometry has been applied to the analysis of lipids
since its early origins as an analytical tool for organic chemistry.
Fundamental studies of fatty acid esters proved that MS not only
could reveal detailed structural information from known com-
pounds (1) but alsowas highly useful for the structural elucidation
of unknown lipids such as the prostaglandins (2). Lipids also were
used asmolecules to probe the basicmechanisms of ion fragmen-
tation following electron ionization (3). However, very few lipids
were amenable for direct MS analysis because of the absolute
requirement that the molecule must have a sufficient vapor pres-
sure to enter as a gas into the ion source of themass spectrometer.
This remarkably changed when fast atom bombardment ioniza-
tion was first introduced (4), and nonvolatile lipids such as phos-
pholipids (5) could be directly analyzed; yet it was the develop-
ment of electrospray ionization (ESI)2 by Fenn et al. (6) and
MALDI by Karas andHillenkamp (7) that truly opened the vast
array of lipids found in biology (Table 1) to direct analysis by
MS. The situation today is that all lipids are amenable to MS

and the numerous ancillary techniques engaged in current
practice.
These desorption and spray ionization techniques surpris-

ingly impart very little energy to the ionized lipid, and thus,
protonated molecular ions ([M � H]�) or adducted molecular
ions (such as [M � NH4]�, [M � Na]�, and [M � K]�) are the
usually observed cations. Deprotonated molecular anions
([M � H]�) and adducted anions ([M � Cl]� and [M � ace-
tate]�) are observed if the molecule preferentially forms nega-
tive ions. At the same time that these remarkable ionization
techniques were being developed, tools were emerging to
impart energy to break covalent bonds within ions using tech-
niques such as collisional activation and collision-induced dis-
sociation (CID) and to transmit product ions using efficient
collision cells (radio frequency-only quadrupole fields) and
then reanalyze the product ions by a secondmass spectrometer
(MS/MS). The triple quadrupole mass spectrometer encom-
passed these advances of CID and was found to be well suited
for the analysis of lipids through its many modes of MS/MS
operation, including product ion scanning, precursor ion scan-
ning, neutral loss scanning, and selected reaction monitoring
(SRM; also termedmultiple reaction monitoring). High resolu-
tion mass analysis of molecular ion species and product ions
afterCIDbecame routinely possiblewith the second generation
time-of-flight analyzers (8) and ion-trapping technology of the
ion cyclotron resonance cell and the orbitrap mass spectrome-
ter (9). Much of this instrumental development occurred in the
commercial manufacturing sector because of the large market
for these tools in proteomic research. Nevertheless, these tools
were well suited for lipid analysis, and application of MS and
MS/MS to solve challenging problems was now possible.
Lipids are somewhat different from biomolecules such as

peptides, oligonucleic acids, and oligosaccharides from many
standpoints of MS analysis. Lipids are hydrophobic as well as
hydrophilic molecules (10), and the hydrophobicity typically
means a large number of –CH2 groups or a large number of
hydrogens in themolecule that impart a significant mass defect
observed as the fraction of exact mass following the integer
mass of themolecular ion species. Information related to chem-
ical structure can often be obtained by CID, but this informa-
tion is encoded in the gas-phase ion chemistry of the lipid. As a
result of these developments inMS, which were largely realized
a decade ormore ago, recent applications ofMS to lipid analysis
have resulted in remarkable advances in our understanding of
lipid biochemistry.
One advance for lipid MS, perhaps not fully appreciated, has

been the increased availability of sophisticated mass spectrom-
eters in biochemical laboratories to study lipid biochemistry. A
specific example was the use ofMS to refine our understanding
of the biological role of the gene product SRD5A3, which was
previously annotated as steroid 5�-reductase type 3, and the
involvement of this protein in a severe congenital glycosylation
genetic disorder affecting humans (11). These investigators
were able to identify increased levels of polyprenol lipids rela-
tive to dolichols in the plasma of affected humans that lacked
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this gene relative to normal subjects and were able to go on and
define SRD5A3 as an NADPH-dependent reductase that satu-
rates the �-isoprene unit of polyprenols to yield the dolichol
structure. Because dolichols are required for N-linked glycosy-
lation in the Golgi apparatus, the loss of this rate-limiting
enzyme reduced overall glycosylation of proteins critical for
proper function. AMSmethod for the analysis of dolichols was
a recent result of having advanced instruments available for
lipidomic studies in laboratories of lipid biochemists (12).

Lipidomic Studies

One of the significant changes that have occurred has been
an understanding of lipids as they exist as complex mixtures
within the cellular environment. This has naturally led to the
concept that revealing the nature of this mixture is an impor-
tant goal in understanding cell biology or system biology. This
has resulted in the widespread use of the term “lipidomics,”
which unfortunately means different things to different indi-
viduals.Onone hand, somehave a “global” viewof lipidomics as
the identification and quantitation of all lipids in a cell (tissue or
organism) and studies of how they vary with state/challenge of
the cell. Others use the term to define quantitative analysis of a
restricted group such as the major lipids present in a biological
sample. The sheer number of actual lipid substances within
living cells is enormous (13). The identified and quantitated
lipids within the macrophage have been reported to be as high
as 1000 individual molecular species with caveats that more
species were detected than could be quantitated (14). The
dynamic range inwhich lipid concentrations can vary in a tissue
may be 106 or more (from nanomolar fatty acids to attomolar
eicosanoid lipidmediators), and this range challenges the capa-
bility of any single approach of analysis. As noted above, molec-
ular weight alone is insufficient to absolutely define a lipid
structure because this single measure introduces assumptions
as to identification. Identification by chromatographic reten-
tion time, measurement at high resolution (elemental compo-
sition at submillimass unit accuracy), gas-phase chemical
behavior, and elution with an isotope-labeled internal standard
may still be insufficient to absolutely identify a complex lipid
because of ambiguities arising from regio- or stereoisomerism
(sn-substitution for phospholipids or double bond position and
geometry for any fatty acyl substituent). Perhapsmost insidious
is that the criteria employed to identify a lipid are often not
stated, which can also lead to misunderstandings on the part of
the reader. Nevertheless, practicality demands that assump-
tions have to bemade because even state-of-the-artMS is insuf-

ficiently powerful to deal with the complex mixture of lipids in
a lipidomics study, yet one must balance the need to achieve
results.
One aspect of cellular lipid mixture complexity is that fami-

lies of closely related lipids are present that differ by the number
of fatty acyl carbons and number of double bonds (as well as
position of double bonds) as well as minor variants in structure
such as ether substitution for esters. These closely related fam-
ilies comprise molecular species that have very similar struc-
ture but often different molecular weights. Molecular species
that differ by common chain elongation and the number of
double bonds in the fatty acyl chain appear at intervals 24–28
Da higher or lower in the mass spectrum of the mixture. Many
of the lipids presented in Table 1 exist within cells as mixtures
of individual molecular species, and the MS experiment allows
one to readily discover those molecular ions species present in
an extract by either positive and/or negative ion MS. There
have been several reviews on the behavior of each of the lipid
classes and the individual molecular species in terms of their
CID ion chemistry after ionization by either electrospray or
MALDI (15–18). The challenge has been to analyze the nature
of the complex mixture and understand whether information
collected about different molecular species reveals unique bio-
chemical events or possibly pathophysiology.
There have been several approaches to deal with complex

mixtures of molecular species. The approaches taken can be
divided into two general methodologies. The first involves little
pre-separation of the lipids other than by simple solvent extrac-
tion, followed by direct analysis as the complex mixture of
many different lipid classes. This approach is called the “shot-
gun” method and certainly has specific advantages as well as
some disadvantages. The second approach has been to use
chromatographic separation of crude lipid extracts to isolate
specific lipid classes prior to analysis (Table 1) with or without
additional separation of the individual molecular species. For
example, normal-phase chromatography (which is a separation
method based on analyte molecular polarity) is well suited to
separate each of the lipid classes such as glycerophospholipids
from glycerolipids (triacylglycerols (TAGs) or diacylglycerols).
However, molecular species are not typically separated by this
technique, and to achieve this, reversed-phase HPLC is
employed. If individual classes of lipids are not pre-separated
through a normal phase-type approach, then separation only by
reversed-phase chromatography separates by lipophilicity and
is largely not influenced by the polar headgroup and the overall
polar character of the lipid.
The shotgun technique has been significantly refined to cap-

italize on the anionic and weakly anionic nature of many lipid
classes to optimize the analysis of highly different lipid classes
present in an extract (19). Direct analysis of the negative ions
formed by electrospray can reveal the presence of the very
acidic lipids such as phosphatidylinositol (PI), phosphatidylser-
ine (PS), phosphatidylglycerol (PG), phosphatidic acid (PA),
cardiolipin, and sulfatides (sphingolipids) by the addition of a
base such as LiOH. Negative ion ESI can also yield signals from
the phosphatidylethanolamine (PE) molecular species. Positive
ion ESI-MS yields abundant [M�H]� (or [M� Li]� if LiOH is
added) for glycerophosphatidylcholine (PC) and glycerolipid

TABLE 1
Lipid categories and examples of molecular species
A complete list of lipids and classification numbers can be found at the Nature/
LIPID MAPS website. SM, sphingomyelin.

Category Specific lipid species

Fatty acyls Fatty acids, eicosanoids, endocannabinoids
Glycerolipids TAGs, diacylglycerols
Glycerophospholipids PC, PE, PI, PS, PG, PA, cardiolipin
Sphingolipids SM, sulfatides, sphingosine, ceramides, ganglioside
Sterol lipids Cholesterol, estradiol, testosterone, bile acids
Prenol lipids Farnesol, dolichols, vitamin K
Saccharolipids Lipid A, acyltrehaloses
Polyketides Aflatoxins, tetracyclines, erythromycin
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molecular species present in a complex mixture. Among the
potential confounding features of shotgun lipidomics is ion
suppression during the electrospray process that limits the abil-
ity to detectminor lipid species thatmay be present (20) and the
fact that any observedm/zmay contain multiple molecular ion
species. The shotgun method has been used for the quantita-
tion of specific lipids using techniques such as neutral loss and
precursor ion scanning (MS/MS) and internal standard/refer-
ence standard calibration protocols to generate standard curves
to convert ratios of target lipid ion abundance/internal stan-
dard ion abundance to absolute concentration of lipids in the
electrospray solvent system (21). The major advantages of the
shotgun method are the ease of implementation and the broad
coverage of major lipid molecular species that can be quanti-
tated in a relatively short period of time by a single laboratory.
Pre-separation of a lipid extract using specific chromato-

graphic protocols developed for each lipid class can enable the
identification of farmore lipid species that differ in subtle ways.
The analysis of the neutral lipids from RAW 264.7 cells by nor-
mal-phase chromatography followed by LC-MS enabled the
detection of ether-linked triradylglycerols because they were
separated by polarity from the TAGs (22). An ether-linked tri-
radylglycerol such as 16:0 ether/18:0/18:1 differs only slightly
(0.027 thomson units) in the mass/charge ratio of the observed
[M � NH4]� from an odd-chained analog such as 15:0/18:0/
18:1 TAG but substantially differs in mobility under the nor-
mal-phase chromatographic separation employed. These
ether-linked glycerides could have easily been misidentified
without a separation step. As with shotgun lipidomics, this
LC-MS and LC-MS/MS approach for lipid analysis can be set
up for quantitative analysis using internal standards and cali-
bration curves established with reference standards (22). The
chromatographic pre-separation approach was used to identify
�1000 different molecular species recently measured in the
macrophage lipidome (14). To achieve this quantitative meas-
ure for this large number of molecular species, it was necessary
to separate and to employ a different separation protocol that
was ideal for each individual class of lipid. Lipidomic analyses of
yeast (23), Caenorhabditis elegans (24), tuberculosis mycobac-
teria (25), human plasma (26), and others (27) have emerged.
Challenges still remain in the lipidomics area, in large part

because it is very tedious to establish and carry out the quanti-
tative analysis method. However, more importantly, there are
insufficient internal aswell as few reference standards commer-
cially available that can be used to generate the appropriate
calibration curves to convert abundance of ions into a quanti-
tativemeasure of lipid concentration formany lipid classes. The
abundance of any molecular ion species, e.g. [M � H]�, typi-
cally carries information on concentration, but ion abundance
is confounded by a number of features, including instrument
response factors, ionization efficiency of the molecule, stability
of the molecular ion species, and the presence of other mole-
cules that could cause ion suppression of the analyte of interest.
QuantitativeMS has evolved to the highly specific and sensitive
“gold standard” level of acceptance because of measures to
avoid many of these problems. The central strategy of isotope
dilution has been to use a stable isotope-labeled analog of the
analyte as an internal standard and to measure the ratio of sig-

nal intensities of the analyte and internal standard rather than
any absolute intensity. The ratio is then converted to analyte
concentration by a calibration curve generated using reference
standards. However, this approach is not available for most lip-
idomic studies because of the absence of internal standards for
each and every lipid molecular species and, practically, the
potential overlap ofm/z between internal standards and endog-
enous lipids. The absence of reference standards for the differ-
ent variants of structure observed in a molecular species series,
e.g. number and position of double bonds in fatty acyl chains,
variety of fatty acyl chain length, ether analogs, even positional
isomers for phospholipids and glycerolipids, further compli-
cates analysis because one cannot easily measure parameters
such as ionization efficiency, ion stability, and response factors
that are critical for the accuracy of the quantitative analysis.
Often, quantitation is based on an “average standard curve” or,
worse, just a single reference standard formany different struc-
tural variants in a series. Nevertheless, given the problems with
accuracy, these measurements remain precise and useful when
comparing changes of the same lipid molecular species within
an experimental series.
An alternative approach to absolute quantitation has been to

express the abundance ofmolecular specieswithin a single class
of lipids as mole fraction using the abundance ratios of all
molecular species in that class to normalize the data. Relevant
information can be readily gleaned as exemplified in an exten-
sive report of phospholipidmolecular speciemeasurements in a
study of lysophosphatidic acid acyltransferases that supply
polyunsaturated fatty acids to phospholipids that become
incorporated into cellular membranes (28).

Stable Isotope Tagging

An alternative approach for aminophospholipid quantita-
tion within a complex mixture of molecular species had its ori-
gins in the growing need for quantitation in peptide analysis. In
this case, phospholipids such as PE and PS are derivatized with
stable isotope-labeled reagents that tag the molecule within a
specific treatment series. For example, identical aliquots of cells
are treated under conditions A, B, C, andD. Each cell treatment
aliquot is derivatized with a different stable isotope internal
standard to tag each incubation condition. The tag is then used
to decode the lipid molecular species as to each experimental
condition, and the ratios of isotopically distinct ion signal
intensities allow determination of changes in concentration.
Thismultiplexed quantitative approachwas first demonstrated
with commercial derivatization iTRAQ (isobaric tag for relative
and absolute quantitation) reagents, in which product ions of
derivatized aminophospholipids were analyzed but required
MS3 to decode (29). An alternative derivative was developed
using four different stable isotope-labeled dimethylaminoben-
zoic acidN-hydroxysuccinimide esters and precursor ion scan-
ning to decode modified or newly formed aminophospholipids
in cells treated with ozone (30). These studies readily revealed
the differences in concentrations of PE molecular species
because the ionization phenomenon was virtually identical for
all of the products under analysis, and in effect, a stable isotope
variant was made for each aminophospholipid molecular
species.
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Fatty Acyl Double Bond Positional Analysis

The exact position of a double bond in a fatty acyl chain
remains rather difficult to determine by MS alone, yet impor-
tant information can be ignored if such determinations are not
made. For example, vaccenic acid (18:1(n-7)) is a common
trans-fatty acid in cow’s milk, but it is isomeric in terms of
double bond position to oleic acid (18:1(n-9)), the more com-
monmonounsaturated fatty acyl group found in phospholipids,
sphingolipids, and glycerolipids. Thus, the identification of an
18:1 fatty acyl group, for example, by neutral loss scanning or
product ion scanning in lipidomic analyses is ambiguous with
respect to positional isomers. Recently, a method using ozone
to effect carbon bond cleavage in phospholipidswas introduced
and revealed that often this fatty acyl group is a mixture of n-7
and n-9 fatty acids (31, 32). This ozone approach has been
expanded to include collisional activation of ions in the pres-
ence of ozone (combined CID-ozone identification), which can
lead to product aldehyde ions that reveal the double bond posi-
tion (Fig. 1).

Targeted Lipid Quantitation

The quantitation of eicosanoids and other lipidmediators by
MS was well established even when only GC-MS and negative
ion chemical ionization were available (33). The analysis of
these lipids has always been a challenge because of the low
quantities made within tissues or cells. LC-MS/MS has
emerged as the technique of choice to study these molecules
because no derivatization is required, and this class of arachi-
donic acid metabolite has a free carboxylic acid moiety that

renders efficient negative ion formation (carboxylate anion) by
ESI. The recent advances in MS instrumentation include rapid
scanning; for example, in the single reaction monitoring mode
ofMS/MS operation, it is now quite possible to monitor 20–50
selected ion transitions with a duty cycle of less than a second.
The recent advances in chromatography at high pressure
(ultra-HPLC) have greatly reduced retention times, and the
combination of ultra-HPLCwith rapid SRMhas enabled devel-
opment of methods to target not one eicosanoid in a single
LC-MS/MS assay but 100 eicosanoids at high sensitivity and
specificity (34).
Rapid SRM scanning was also used in the development of an

enzyme choice assay to characterize newly discovered lyso-
phospholipid acyltransferases (LATs) (35). Enzymatic proper-
ties such as substrate specificity have hitherto often been deter-
mined using radiolabeled tracers and Michaelis-Menten
kinetic parameters. An alternative approach was recently taken
that relied on the ability to rapidly determine the reaction prod-
ucts when mixtures of potential substrates were mixed with
cloned enzymatic proteins. In this particular case, four different
LATs were studied by the addition of amixture of six lysophos-
pholipid subclasses (choline, ethanolamine, inositol, glycerol,
serine, and lyso-PA) with eight different CoA esters. This
resulted in 48 potential products, requiring (after inclusion of
controls) 60 SRM ion transitions to monitor during an LC-
MS/MS run. Remarkable substrate specificity was observed in
this competition assay for each of the different LATs of the
MBOAT (membrane-bound O-acyltransferases) family (35) as
well as three unique LATs fromDrosophila (Fig. 2) (36). A sim-
ilar mixed substrate approach to assess enzymatic activity was
also used in studies of LPAAT3 (lysophosphatidic acid acyl-
transferase 3) (28).

Imaging MS (IMS) of Lipids

An area of very rapid growth has been the imaging of tissues
by MS. Studies of lipid biochemistry have always suffered from
the inability to determine the location of specific lipid sub-
stances at or near the cellular level. IMS partially bridges this
gap but has the additional advantage of MS specificity. Several
different ionization methods have been explored to generate
images of the distribution of lipid species as they occur in tis-
sues. Secondary ion MS (SIMS) has historically been the
method used to generate lipid-derived ions, but the energy of
this technique often results in lipid structural damage and loss
of molecular species information (37). Nonetheless, this tech-
nique has the best lateral resolution (�50 nm is possible) and is
well adapted to specific lipid experiments such as tracing the
transport of 13C-labeled oleate in an adipocyte (Fig. 3,A and B),
where the ion observed is 13C� (38). Recent advances using
caged C60

� (buckyballs) as projectile ions have enabled intact
lipids (cholesterol) to be imaged in the SIMS experiments and
suggest that it may be possible to image abundant lipids at cel-
lular resolution (Fig. 3, C–E) (39).
MALDI can be readily coupled with imaging of lipids in tis-

sues because the most abundant ions released in this MALDI-
IMS experiment are the lipids that make up the cellular mem-
branes and are in lipid droplets. Remarkable images are
appearing as to the regional distribution of lipids in tissues such

FIGURE 1. Ozone reaction with phospholipids in the collision cell of a
linear ion trap mass spectrometer. a, ESI mass spectrum obtained by direct
infusion of a crude lipid extract from cow brain. b, combined CID-ozone iden-
tification mass spectrum acquired by applying collision energy to the mass-
selected precursor ion at m/z 782.6 with ozone vapor present in the collision
cell (q2). c, molecular structure of four regioisomeric lipids that could give rise
to the combined spectral features observed in b. This figure has been
reprinted with permission from the American Chemical Society (31).
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as brain (40) and kidney (41) as well as large biological struc-
tures such as embryos (42) and entire organisms such a mouse
(43). The secondary lipid ions that are observed do correlate
fairly well with local concentrations of specific lipids that are
readily desorbed and ionized by this technique. This correlation
is particularly high for PC in the positive ion mode (44) and for
PI and sulfatides in the negative ion mode. However, there is
bias in this experiment in that some lipids known to be present
are not easily observed, perhaps due to ion suppression. For

example, PE molecular species are not readily observed in the
positive ion mode in some instruments, possibly due to their
rather facile loss of the polar headgroup (141 Da) to yield posi-
tively charged diglyceride-like ions. Another curious feature is
that the phospholipids and glycerolipids are observed as alkali
metal adducts (Na� and K�) as well as the protonated species.
Recent reports (51) have suggested that there is information in
the relative abundance of these ions that reflects edema and loss
of theATPases thatmaintain the cellular cation gradient (Fig. 3,

FIGURE 2. Dual choice LAT enzyme assay by selected ion recording and LC-MS/MS. The fly MBOAT proteins Oys, Frj, and Nes were expressed in the
acyltransferase-deficient ale1� yeast strain. Isolated microsomes containing the fly proteins were incubated with a mixture of eight acyl-CoA species and six
lysophospholipids, and the products formed by each enzyme were separated and quantified by LC-MS/MS. Scales were adjusted to highlight the substrate
preferences of each enzyme. Results given are the mean � S.E. of three experiments. Acyl-CoAs are abbreviated as x:y, where x is the number of carbon atoms
in the chain and y is the number of double bonds. This figure has been reprinted with permission from the American Society for Cell Biology (36).
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F and G). Another ionization technique, desorption ESI, has
also been successfully used to image lipids in various tissues,
including brain (45, 46).

Combined Ion Mobility-MS (IM-MS) of Lipids

The coupling of ion mobility separation with either single
stage or tandemMS provides an additional dimension of anal-
ysis on a far more rapid time scale than achieved with conven-
tional pre-separation of lipid classes using condensed-phase
chromatographic methods. Woods and co-workers (47)
reported a systematic study of several polar lipid classes, illus-
trating distinct behaviors in the relationship between ion
mobility and m/z ratio. The combination of MALDI and
IM-MS was exploited by Kliman et al. (48) in examining intact
brain tissue from Drosophila; quantitative comparisons of dif-
ferent tissue samples were followed by IM-MS/MS analyses to
allow identification of thosemolecular species present in differ-
ing amounts. Further studies by Trimpin et al. (49), this time
using ESI, provided evidence for phospholipid aggregates in the
gas phase, interpreted as inverted micelles, which were sepa-
rated by IM-MS prior to disaggregation and further mobility
analysis. Three stages of IM-MS interspersed with activated

decomposition also allowed distinction between sn-1 and sn-2
isomers, illustrated using PGs. Such sophisticated analyses,
employing tandem ion mobility coupled with MS, are unlikely
to become routine, but the improved separation power of com-
bining single stage mobility separation and MS or MS/MS is
such that widespread application is likely.

Conclusion

Over the past decade, significant advances have beenmade in
MS instrumentation that significantly impact the analysis of
lipids in biological samples. Sensitivity for the LC-MSdetection
of lipids has increased perhaps 50–100-fold with the develop-
ment of advanced tandem quadrupole mass spectrometers as
well as advanced LC technology. Along with this increased in
sensitivity has come increased scanning speed, which permits
almost unlimited selected ion recording of ion transitionswhen
coupledwith computer-driven timing of the SRMexperiments.
Remarkable advances in IMS of lipids will likely drive the devel-
opment of improvements in rastering laser beams for the
MALDI mass spectral data acquisition stage. The expected
application of ion mobility technology to real problem solving
in lipid biochemistry will likely prove the value of thisMS tech-

FIGURE 3. Imaging of lipids using MS. A, SIMS imaging of fatty acid transport in cultured adipocytes after unwashed 3T3F442A adipocytes were incubated
with [13C]oleate. Images are of 13C�. Scale bar � 5 �m. This figure has been reprinted with permission as open access from Ref. 38. B, optical image using a
reflection differential interference contrast microscope of the same cells before analysis with SIMS. Reflection differential interference contrast (DIC) images
(magnification �500) were obtained using a Nikon Eclipse E800 upright microscope. Scale bar � 5 �m. This figure has been reprinted with permission as open
access from Ref. 38. C, scanning ion image of an axial slice from a 9-day-old mouse embryo. The gut and genital ridge (GR) are identified by white arrows. D and
E, SIMS images of cholesterol (m/z 366 –370) from the tissue in the SIMS image. The image in E was taken before a sputter dose of 1 � 1013 C60

� 60�/cm2, and the
image in C was taken after nanotome sputtering. This figure has been reprinted with permission from Elsevier (39). F and G, rat brain sections from a traumatic
brain injury model and imaging by MALDI-IMS corresponding to 16:0/18:1 PC ([M � Na]�, m/z 782.6) and 16:0/18:1 PC ([M � K]�, m/z 798.6), respectively (51).
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nology, which is still in its infancy. The utility of ion-trapping
instruments and, in particular, the newer technologies of high
energy collision in the orbitrap promise the re-emergence of
capability to carry out charge-remote decomposition experi-
ments useful for positional analysis of double bonds in phos-
pholipids and glycerolipids (50). In the midst of these techno-
logical advances are the advances in lipid biochemistry that can
result.
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MS has evolved as a critical component in metabolomics,
which seeks to answer biological questions through large-scale
qualitative and quantitative analyses of the metabolome. MS-
based metabolomics techniques offer an excellent combination
of sensitivity and selectivity, and they have become an indispen-
sable platform in biology andmetabolomics. In thisminireview,
various MS technologies used in metabolomics are briefly dis-
cussed, and future needs are suggested.

Metabolomics is idealized as the large-scale, qualitative, and
quantitative study of all metabolites in a given biological sys-
tem. Unlike transcripts and proteins, the molecular identity of
metabolites cannot be deduced from genomic information.
Thus, the identification and quantification of metabolites must
rely on sophisticated instrumentation such as MS, NMR spec-
troscopy, and laser-induced fluorescence detection. Each of
these technologies has its own unique advantages and disad-
vantages. Optimal selection of a particular technology depends
on the goals of the study and is usually a compromise among
sensitivity, selectivity, and speed.
NMR is highly selective and non-destructive and is generally

accepted as the gold standard in metabolite structural elucida-
tion, but it suffers from relatively lower sensitivity. Laser-in-
duced fluorescence is one of the most sensitive techniques, but
it lacks the chemical selectivity that is critical in structural iden-
tification. In contrast, MS offers a good combination of sensi-
tivity and selectivity. Modern MS provides highly specific
chemical information that is directly related to the chemical
structure such as accurate mass, isotope distribution patterns
for elemental formula determination, and characteristic frag-
ment ions for structural elucidation or identification via spec-
tral matching to authentic compound data. Moreover, the high
sensitivity of MS allows detection and measurement of pico-
mole to femtomole levels of many primary and secondary
metabolites. These unique advantages make MS an important
tool in metabolomics (1, 2).
Modern MS offers an array of technologies that differ in

operational principles and performance. Variations include

ionization technique, mass analyzer technology, resolving
power, and mass accuracy. The most common ionization tech-
niques in metabolomics include electron ionization, electro-
spray ionization (ESI),2 and atmospheric pressure chemical
ionization (APCI). Other ionization techniques such as chem-
ical ionization, MALDI, and, more recently, desorption ESI
(DESI) (3) and extractive ESI (EESI) (4) have also been used.
Mass analyzers with different resolving powers have also been
used in metabolomics. These include ultrahigh and high reso-
lution MS such as Fourier transform ion cyclotron resonance
MS (FT-ICR-MS), orbitrapMS, and multipass TOF-MS. How-
ever, lower resolution instruments such as ion traps (both linear
and three-dimensional quadrupoles) and single quadrupoles
are utilized by many. Each of these mass analyzers has its own
advantage and limitation. Selection of a specific MS platform
for metabolomics depends on the goal of the metabolomics
projects, throughput, and instrumental costs. In this minire-
view, we discuss MS strategies currently incorporated into
metabolomics, including directMS analysis andMS coupled to
chromatography for the analysis of the chemically complex
metabolome.

Direct MS Analysis

Direct MS analyses sample crude mixtures without chro-
matographic separations. This approach is the least informative
but does provide a high throughput screening tool that is often
the only practical choice for large sample numbers such as
those encountered during clinical trials or screening of large
mutant populations. For example, direct MS analyses enabled
successful screening of thousands of yeast mutants to help elu-
cidate the functions ofmutated genes (5). DirectMS applicabil-
ity inmetabolomics is broadened by advanced instrumentation
capable of high resolution, accurate mass measurements, and
tandemMS (such as FT-ICR-MS and orbitrap MS).
FT-ICR-MS is an important and powerful tool in direct MS

analyses due to its ultrahigh resolution (�1,000,000) and mass
accuracy (�1 ppm). The high mass resolution is useful in
empirical formula calculations and compound identification.
For example, direct FT-ICR-MS analysis of a crude oil sample
revealed �111,000 features in a singular mass spectrum, from
which�8300 peaks could be assigned a unique elemental com-
position (6). Similarly, �1000 unambiguous chemical formulas
were reportedly identified from the aerial parts of Arabidopsis
using direct FT-ICR-MS (7). The disadvantage of FT-ICR-MS
is its formidable cost, which prohibits its widespread availabil-
ity and routine use in many metabolomics laboratories.
The orbitrap is a relatively newer mass analyzer that uses an

electrostatic field to trap ions (8). Orbitraps also have very high
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resolving power (typically 150,000) and excellentmass accuracy
(1–5 ppm) and have been widely used in direct MS analyses of
bovine lipids (9), yeast sphingolipids (10), and plantmetabolites
(11). Multiple pass TOF-MS instruments with high resolving
power (40,000) and mass accuracy (�5 ppm) have also been
recently developed and further facilitate the use of high resolu-
tion MS in metabolomics. Three-dimensional and linear ion
traps have been used in direct MS analysis of metabolites as
well. However, their relatively lower resolution and mass accu-
racy limit their roles in direct analysis of complex samples.
The development of several new ionization techniques such

as DESI, direct analysis in real time, and EESI facilitates the use
of direct MS in metabolomics. DESI uses a charged ESI aerosol
focused on a separate surface to ionize the surface analytes,
allowing not only liquid but also solid sample analyses directly
byMS (12). For example, DESI-MS revealed heterogeneous dis-
tribution of antifungal compounds on the native surface of sea-
weed (13) and spatial accumulation of different lipids on rat
spinal cords (14). Other techniques such as direct analysis in
real-timeMS (15) andEESI-MS (4) have beenused also in direct
MS analyses, including analyses of insect hormones (16); met-
abolic fingerprinting of human serum (17); screening of pesti-
cides in produce (18); analyses of urine, milk, and polluted
water (4); and fingerprinting of olive oil without sample prepa-
ration (19). EESI has also been used to directly analyze gaseous
samples (20).
Overall, direct MS analyses have been used for a diversity of

analytes; however, direct MS methods are very susceptible to
ion suppression or enhancement. In addition, direct MS data
interpretation can be challenging, as uniquemetabolite ions are
difficult to distinguish from adduct and product ions. Another
disadvantage is the inability to differentiate isomers. The
majority of these disadvantages can be surmounted by coupling
MS to chromatographic separations.

Chromatography Coupled to MS

Coupling chromatography toMS offers an excellent solution
to complex mixture analyses and has been extensively used in
metabolomics. Chromatographic separation of metabolites
prior to MS analyses has several advantages: 1) reduces matrix
effects and ionization suppression, 2) separates isomers, 3) pro-
vides additional and orthogonal data (i.e. retention time/factor/
index) valuable for metabolite annotation, and 4) allows for
more accurate quantification of individual metabolites. Cur-
rently, three predominant chromatographic techniques have
been incorporated inMS-basedmetabolomics, i.e.GC, LC, and
capillary electrophoresis (CE). Multidimensional separation
techniques such as two-dimensional GC (GC�GC) and LC
(LC�LC) have further enabled the separation of even more
complex biological mixtures but are less widely employed.
Here, we review the applications of chromatography coupled to
MS for metabolite profiling.
GC-MS—GC-MS is ideally suited for the analyses of both

volatile and nonvolatile compounds following derivatization.
The high resolution and reproducible chromatographic sepa-
rations offered by modern capillary GC make it an excellent
tool for complex metabolic mixture analyses. In addition, the
standardized MS electron ionization energy of 70 eV leads to

reproduciblemass spectra and highly transferable electron ion-
ization MS spectral libraries that allow compound identifica-
tion through mass spectral library matching. The highly repro-
ducible retention indices can also be used for orthogonal
confirmation of compound identification such as in identifica-
tion of stereoisomers that often produce similar mass spectra
but distinctly separate in the chromatographic domain. Several
spectral libraries have incorporated retention indices such as
the National Institute of Standards and Technologies (21) and
Metabolomics FiehnLib (22).
Volatiles are a specialized class ofmetabolites that contribute

to vegetable and fruit aromas and plant defense responses. Cur-
rent metabolomics technologies used to study volatiles center
on GC-MS coupled to headspace solid-phase microextraction
(HS-SPME) or other sorbent-based sampling techniques. HS-
SPME is a sensitive and robust technique. The effectiveness of
various commercial HS-SPME fibers has recently been evalu-
ated for the analysis of fruit volatiles and led to the identifica-
tion of 14 novel volatiles (23). GC-MS-based analyses have also
been used to identify volatile tomato repellents against whitefly
(24) and to profile volatiles from various plant species, includ-
ing tomato (25) and grape (26).
GC requires volatile and thermally stable analytes such as

those described above. However, relatively few compounds
meet this requirement in their native state (e.g. short chain alco-
hols, acid, esters, and hydrocarbons). Many other compounds
can be analyzed by GC only following derivatization, i.e. alkyla-
tion and silylation (27, 28). An in-liner derivatization method
for ultra-small sample volumes (2 �l down to 10 nl) was
recently developed and used to profile the intracellular content
of frog oocytes (29). Although derivatization is often necessary
in GC analyses, it does introduce variability and produce
derivatization artifacts.
GC has often been coupled to single quadrupole MS detec-

tors, which have the advantages of high sensitivity and good
dynamic range but suffer from slower scan rates and lowermass
accuracy relative to TOF-MS detectors. However, the availabil-
ity, reliability, effectiveness, and affordable cost of GC-quadru-
pole MS analyzers have made them a popular and robust
metabolomics platform.Othermass analyzers such asTOF-MS
and triple quadrupoles have also been interfaced to GC. GC-
triple quadrupole MS/MS is capable of multiple reaction mon-
itoring of analytes, which can overcome the challenging identi-
fication and quantification problems associatedwith co-eluting
analytes in complex matrices. It has been employed to detect
multiple pesticide classes in various fruits and vegetables (30–
32); to profile sugar in olive fruits, leaves, and stems (33); to
reveal responses of cell cultures to external stresses (27); and to
detect fatty acid amides in human plasma (34).
GC-TOF-MS technology offers high mass resolution, high

mass accuracy, and fast scan speeds. The relatively faster scan
rates associated with TOF-MS are extremely useful for the
accurate deconvolution of overlapping high resolution or ultra-
fast GC peaks such as those encountered during complex met-
abolic mixture analyses. Recent application of GC-TOF-MS in
metabolomics includes large-scale metabolite profiling of
human serum (28) and plant samples (35–37).
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A unique innovation was the development of GC�GC,
which offers dramatically increased separation efficiencies and
peak capacities (38). In GC�GC, two capillary columns of dif-
ferent stationary-phase selectivity are coupled in series through
a flow modulator. Effluents from the first column (usually a
long non-polar column) are captured and transferred by the
modulator onto the second column. The second column is nor-
mally a short polar or semi-polar column that quickly separates
the effluent within seconds before the next effluent enters the
column. The sharp and narrow peaks generated in fast GC or
GC�GC require the use of fast scanning analyzers such as
TOF-MS (i.e. approximately�100Hz) or “semi-fast” scan qua-
drupoles (i.e.�20Hz) (39). Current GC�GC-TOF-MS analyz-
ers can operate with very high acquisition rates, typically up to
500 Hz, and offer higher resolution and sensitivity. Recent
metabolomics applications of GC�GC-MS include animals
(40), plants (41–44), microorganisms (45), and other samples
such as human serum and tissues (46–48). Fig. 1 (reprinted
from Ref. 41 with permission) shows a recent application of
GC�GC-TOF-MS to resolve plant terpenoids.
GC-MS is limited to volatile, thermally stable, and energeti-

cally stable compounds. Unfortunately, it is less amenable to
large highly polarmetabolites due to their poor volatility. Chro-
matographic analyses of these compounds usually rely on other
chromatographic techniques such as LC and CE.
LC-MS—LC-MS is an important tool in metabolomics and

can be tailored for targeted or non-targeted metabolomics.

Although both normal-phase (NP) and reversed-phase (RP)
columns have been employed in metabolomics, RP columns
such as C18 and C8 are by far the most utilized. However, NP
separations provide complementary views of the metabolome,
as demonstrated in metabolic profiling of urine using hydro-
philic interaction liquid chromatography (HILIC)-MS and RP-
HPLC-MS (49). HILIC is ideal for highly polar and ionic com-
pounds and therefore suitable for samples that contain
predominantly polar metabolites such as urine. LC-MS using
conventional C18 columns with particle sizes of 3–5 �m has
been widely used in metabolomics elucidation of plant second-
ary metabolism (27, 50–52). Many established lipidomics pro-
grams also rely upon LC-MS for the large-scale study of cellular
lipids (53, 54), which has improved our understanding of lipid
metabolism, signaling, and neurodegenerative disorders such
as Alzheimer disease (55–57).
The development of fast and more efficient ultra-HPLC

(UHPLC), which utilizes higher pressures (12,000–15,000 p.s.i.
compared with �6000 p.s.i. for HPLC) and sub-2-�m packing
particles, has substantially increased chromatographic resolu-
tion and peak capacity compared with HPLC. Fig. 2 shows a
UHPLC-QTOF-MS base peak chromatogram of a highly com-
plex metabolic plant mixture. The superiority of UHPLC has
also been demonstrated by Nordström et al. (58), who reported
that UPLC-MS resulted in a �20% increase in detectable com-
ponents compared with a similar HPLC-MS-based approach.

FIGURE 1. Contour plot of two-dimensional GC-TOF-MS analysis of an n-hexane extract of transgenic Artemisia annua L. A, total ion chromatogram (TIC)
plot (first dimension, x axis; second dimension, y axis; time unit, second). B, expanded view of the boxed area in A. Peaks that are numbered in both panels are
terpenoids. This figure has been reprinted from Ref. 41 with permission.
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More recently, HILIC-UHPLC-MS has been introduced and
used in urinary metabolic profiling (59).
LC�LC utilizing two columns of different selectivity offers

an effective platform for separating both polar and non-polar
compounds simultaneously. The peak capacity of two-dimen-
sional HPLC is much higher and is the product of the two inde-
pendent dimensional peak capacities given that the first and
second separations are truly orthogonal. The higher peak
capacities offer greater metabolome coverage. Fig. 3 (reprinted
from Ref. 60 with permission) illustrates NP�RP and RP�RP
two-dimensional HPLC separations, with the NP�RP system
achieving an overall peak capacity of 1095 when applied to the
analysis of a lemon oil extract (60). LC�LC is typically superior
to one-dimensional HPLC even if the columns used in two-
dimensional LC are of similar chemistry (61). LC�LC-MS has
been employed for the analyses of carotenoids in different
orange juices (62), drugmetabolism (63), and triacylglycerols in
vegetable oil (64). LC�LC-MS has also been tailored for target
analyses. For example, Aturki et al. (65) used an RP C18 column
in the first dimension to separate flavanone-7-O-glycosides
from a complex sample and then used a carboxymethylated
�-cyclodextrin-based column in the second dimension to
resolve the individual flavanone-7-O-glycoside stereoisomer.
The disadvantages of LC�LC are its relatively complex setup
and the loss of sensitivity due to a sample dilution effect in the
second dimension (66).

The ionization technique selected for LC-MS-basedmetabo-
lomics can also have a substantial impact on metabolite pro-
files. Generally, ESI is ideal for semi-polar and polar com-
pounds, whereas APCI is more suitable for neutral or less polar
compounds. These two ionization techniques provide comple-
mentary data; both are desirable in large-scale non-targeted
metabolomics. For example, complementary ESI-APCI analy-
ses resulted in an�20% increase in the number of detected ions
in a human blood serum extract (67). Multi-ionizationmode or
dual ESI-APCI ion sources are now commercially available
from some instrument vendors, allowing for simultaneous
acquisition of ESI and APCI data.
ManymodernMS instruments are now capable of fast polar-

ity switching during data acquisition and have been exploited in
simultaneous acquisition of both positive and negative ion
mode data (68, 69). The use of both positive and negative ioni-
zation LC-MS offers more comprehensive metabolome cover-
age than the use of a single polarity (50, 67). Fig. 4 (reprinted
from Ref. 50 with permission) shows the positive and nega-
tive ion mode HPLC-MS chromatograms of Medicago trun-
catula cell extracts. Several analytes were detected only in
the negative ion mode, whereas others were observed only in
the positive ion mode. Similarly, Nordström et al. (67) noted
that �90% of the human blood plasma ions observed in the
positive ion ESI mode were not found in the negative ion
mode and vice versa.

FIGURE 2. UHPLC-quadrupole-TOF-MS base peak ion chromatogram of combined methanol extracts from soybean and M. truncatula (A17). The
separation was performed on a Waters ACQUITY system using a Waters ACQUITY UPLC C18 column (2.1 � 100 mm) with 1.7-�m particles at a flow rate of 600
�l/min and a linear gradient of 0.1% acetic acid/acetonitrile (5:95 to 30:70 over 30 min). Mass spectra were recorded on a Waters Q-Tof Premier mass
spectrometer.
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It is expected that LC-MS will continue to play an important
role in MS-based metabolomics, and with the continuous
advancement of LC and MS technologies, both the sensitivity
and depth of coverage of LC-MS-basedmetabolomics will con-
tinue to improve. As demonstrated in a recent human serum
metabolome study, higher metabolome coverage can best be
achieved by using multiple metabolomics technologies (70).

Using a combination of platforms, including LC-MS/MS,
GC-MS, TLC-GC-flame ionization detection, direct infusion
MS/MS, and NMR, 4229 compounds were tentatively identi-
fied fromhuman serum,with each platform identifying a subset
of unique compounds (70).
CE-MS—CE separates analytes based on charge and size, and

it is particularly suitable for the analysis of highly polar and

FIGURE 3. Two-dimensional contour plots for a test mixture using NP�RP two-dimensional LC (A) and a steroid mixture using RP�RP two-dimen-
sional LC (B). Compounds that were poorly separated in the first dimension NP separation (x axis) such as aromatic ethers (peaks 1–3), aromatic esters (peaks
4 – 6), phenones (peaks 7–10), and steroids (peaks 19 –28) were clearly separated in the second dimension RP separation (y axis) (A). Despite its apparent lower
orthogonality, RP�RP two-dimensional LC still offers higher separation efficiencies relative to one-dimensional LC (B). When two RP columns (Cyano and C18)
were used, steroids were separated, which could not be achieved using either Cyano or C18 one-dimensional LC (B). This figure has been reprinted from Ref. 60
with permission.

FIGURE 4. HPLC-positive ion ESI-MS chromatogram (A), with inset showing a full positive ion MS spectrum of peak 15 (afrormosin �-D-glucoside), and
HPLC-negative ion ESI-MS chromatogram (B) of M. truncatula cell extracts. Some peaks such as peaks 4, 30, 31, and 32 were detected only in negative ion
mode (B) but not in positive ion mode (A). In contrast, peaks 3, 13, and 28 were observed in positive ion mode only (A). This figure has been reprinted from our
previous work (50) with permission.
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ionic metabolites. Separation of neutral compounds can be
achieved using micellar electrokinetic chromatography, which
employs charged surfactants such as SDS to form charged
micelles containing the analyte. CE is a fast, relatively inexpen-
sive, and highly efficient separation technique. Capillary zone
electrophoresis (CZE) is themost utilized separation technique
in CE-MS-based metabolomics because many compounds can
be separated readily by CZE. CE can be interfaced with various
MS analyzers; however, TOF-MS is the most commonly used
CE-MS analyzer due to its fast acquisition rates, which are nec-
essary to statistically sample the narrow CZE peaks. ESI is the
ionization technique of choice for CE-MS.
CE-MS has been used in both targeted and non-targeted

metabolomics. CE-TOF-MS was used for global profiling of
endogenous metabolites in tumor and normal tissues, and the
results revealed elevated glycolysis in tumor tissues evidenced
by extremely low glucose, high lactate, and high glycolytic
intermediates in tumor tissues (71). CE-TOF-MS metabolic
profiling of Illicium anisatum seed, pulp, stem, and leaf tissues
detected �1000 tentative polar metabolites in 40 min and
revealed spatial distributions of numerous metabolites (72).
Use of capillary electrochromatography (CEC) coupled to MS
for metabolomics has been reported as well. CEC achieves sep-
arations using an electrostatic field imposed on a packed parti-
cle or a monolithic column, which allows for the high separa-
tion efficiency of CE with the high selectivity of the stationary
phase of LC columns. For example, CEC-ESI-MSmethods have
been developed and used to analyze the metabolome of a
human hepatocellular carcinoma cell line (73) and drug abuse
through urine analysis (74).
Unfortunately, CE-MS has inherent limitations. These are

mainly low sensitivity, poor reproducibility, and electrochemi-
cal reactions of metabolites. Recently, the performances of
GC-MS, LC-MS, and CE-MS were compared in quantitative
metabolomics, and it was concluded that CE lacked the neces-
sary robustness and was the least suitable platform for analyz-
ing complex biological samples (75).

Progressive MS-based Metabolomics Applications and
Quantifications

The above noted MS technologies form the core analytical
platforms used by most in metabolomics. However, metabolo-
mics applications and techniques continue to expand. Several
highlighted areas are discussed below, including spatially
resolved metabolomics, fluxomics, integrated metabolomics,
personalizedmedicine, and computationalmethods formetab-
olite annotation.
Advanced sampling and MS technologies have made it pos-

sible to perform spatially resolved metabolomics, which can be
achieved through the profiling of laser-dissected tissues (76),
single cell sampling using microcapillaries (77), or metabolite
imaging MS. Microdissection and single cell sampling using
microcapillaries provide information on differential metabolite
accumulation in specific tissue or cell types, whereas imaging
MS enables the spatial visualization of metabolites and their
relative abundances across various tissues. Spatial metabolo-
mics can be used to decipher the functional roles of the metab-

olites based upon their localization and/or co-localization with
other metabolites/proteins/transcripts.
Flux analyses or fluxomics is another important application

ofmetabolomics (78) and has been used formechanistic studies
(79), integrated metabolomics for gene discovery (80) and per-
sonalized medicine (81). For example, analysis of flux through
the TCA cycle in a human cancer cell line confirmed glutami-
nolysis and reductive carboxylation as the major cancer cell
pathways that provide nitrogen for amino acid and nucleotide
(adenine) syntheses (78). Differential regulation of the same
metabolic pathways in response to different elicitors in plant
cells was identified through large-scalemetabolic profiling (79).
Combined with transcriptomics, metabolomics was success-
fully used to identify two ArabidopsisMyb transcription factor
genes that regulate aliphatic glucosinolate biosynthesis (80).
The emerging MS-based omics technologies are providing a
systems approach to disease and are transforming medicine
from reactive to proactive (i.e. predictive, personalized, preven-
tive, and participatory or “4P”) (82).
In general, a significant proportion of profiled metabolites

remain unannotated, but several groups are creating large
MS/MS spectral libraries as part of an advanced scheme to
characterize and cross-correlate both known and unknown
metabolites. For example,Matsuda et al. (83) have generated an
MS2T library that contains nearly 1.6 million MS2T spectra to
facilitate peak annotation in non-targeted plant metabolomics
studies. Annotation of metabolites through MS or MS/MS
spectra typically involves spectral matching against spectral
libraries compiled with authentic standards. Identification of
metabolites whose MS/MS spectra are not present in the spec-
tral libraries remains very challenging and is being addressed
through both empirical and computational MS. MetFrag, a
computer program for metabolite identification based upon in
silico spectral fragmentation matching, was recently described
(84). It is expected that continued development of computa-
tional methods such as MetFrag and other fragment tree-re-
lated software (85) will further assist metabolite identification
in metabolomics.
Quantification in metabolomics is critical in understanding

biological processes, and it is generally performed in two man-
ners, i.e. relative or absolute quantification. Relative quantifica-
tion, which normalizes themetabolite signal intensity to that of
an internal standard or another relative metabolite, is typically
used in large-scale non-targeted profiling. Absolute quantifica-
tion uses external standards or internal isotopically labeled
standards to determine the absolute metabolite quantity and is
used mostly in targeted metabolomics. The major obstacle in
metabolite quantification is that the metabolite’s signal inten-
sity is dependent not only on its concentration but also on its
chemical structure and matrix. Ion suppression and enhance-
ment caused by matrix effects can result in inaccurate quanti-
fication of the metabolites. Stable isotope dilution is one solu-
tion for absolute quantification (i.e. stable isotope-labeled
standards are added to the samples to account for sample proc-
essing variation and matrix effects encountered during MS
analysis). Absolute quantification in metabolic profiling of
obese and lean humans clearly linked branched chain amino
acid-related metabolites to the development of obesity-associ-
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ated insulin resistance (86). Quantitative MS intermediary
metabolite profiling and 13C NMR-based flux analyses identi-
fied a critical link between pyruvate and the TCA cycle medi-
ated by pyruvate carboxylase, which plays an important role in
regulating glucose-stimulated insulin secretion (87, 88). Quan-
titative lipidomics revealed that abnormal lipid profiles occur
even at the very earliest stages of diabetes (89). Stable isotope
dilution GC-MS of cholesterol in human plasma revealed that
oxysterols are sensitive and specific biomarkers for Niemann-
Pick type C1 disease (90).
It is clear that stable isotope standards are critical for abso-

lute quantification in metabolomics. However, the availability
of commercial isotope-labeled standards is limited, and the
costs can be prohibitive to large-scale use. Several groups have
begun to chemically synthesize a diverse range of stable iso-
tope-labeled compounds for absolute quantification. These
include fatty acids (91), human steroids (92), and plant hor-
mones (93), but this approach is laborious and requires syn-
thetic expertise not available in every metabolomics group. In
addition, preparing multiple isotope-labeled standards for
large-scale metabolomics is challenging given the diverse and
complex structures of the metabolites. One way to circumvent
this problem is to introduce a stable isotope tag to the metabo-
lites through chemical labeling. A dimethylation method to
label amine-containing metabolites using commercially avail-
able and inexpensive 13C- or deuterium-labeled formaldehyde
has been reported (94). Standards of known concentrations are
labeled in the same manner and used to generate calibration
curves for absolute quantification.

Conclusions and Future Challenges

MS has become an indispensable productive tool in metabo-
lomics due to its high sensitivity and selectivity. However, there
are still many metabolomics challenges, including limited
dynamic range, lack of comprehensive coverage, and limited
metabolite annotations. Currently, the best dynamic range
of modern MS is �106, which is significantly lower than the
estimated concentration range of cellularmetabolites of 1012 or
more. In addition, the estimated number of metabolites within
a given plant species can be 10,000 or more, and the current
metabolome depth of coverage is approximately �20%. Thus,
there is substantial need for improvement. Advancements and
solutions to the above limitations will continue to expand the
scope and propel the utility of MS in metabolomics.
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Schütz, S., de Both,M. T., Haring,M. A., and Schuurink, R. C. (2009) Plant
Physiol. 151, 925–935

25. Mayer, F., Takeoka, G. R., Buttery, R. G., Whitehand, L. C., Naim, M., and
Rabinowitch, H. D. (2008) J. Agric. Food Chem. 56, 3749–3757

26. Martin, D. M., Toub, O., Chiang, A., Lo, B. C., Ohse, S., Lund, S. T., and
Bohlmann, J. (2009) Proc. Natl. Acad. Sci. U.S.A. 106, 7245–7250

27. Broeckling, C. D., Huhman, D. V., Farag, M. A., Smith, J. T., May, G. D.,
Mendes, P., Dixon, R. A., and Sumner, L. W. (2005) J. Exp. Bot. 56,
323–336

28. Begley, P., Francis-McIntyre, S., Dunn,W. B., Broadhurst, D. I., Halsall, A.,
Tseng, A., Knowles, J., Goodacre, R., andKell, D. B. (2009)Anal. Chem. 81,
7038–7046

29. Koek, M. M., Bakels, F., Engel, W., van den Maagdenberg, A., Ferrari,
M. D., Coulier, L., and Hankemeier, T. (2010) Anal. Chem. 82, 156–162

30. Bolaños, P. P., Moreno, J. L., Shtereva, D. D., Frenich, A. G., and Vidal, J. L.
(2007) Rapid Commun. Mass Spectrom. 21, 2282–2294

31. Walorczyk, S. (2008) Rapid Commun. Mass Spectrom. 22, 3791–3801
32. Wong, J. W., Zhang, K., Tech, K., Hayward, D. G., Makovi, C. M.,

Krynitsky, A. J., Schenck, F. J., Banerjee, K., Dasgupta, S., and Brown, D.
(2010) J. Agric. Food Chem. 58, 5868–5883

33. Gomez-Gozalez, S., Ruiz-Jimenez, J., Priego-Capote, F., and Luque de
Castro, M. D. (2010) J. Agric. Food Chem. 58, 12292–12299

34. Zoerner, A. A., Gutzki, F. M., Suchy, M. T., Beckmann, B., Engeli, S.,
Jordan, J., and Tsikas, D. (2009) J. Chromatogr. B 877, 2909–2923

35. Allwood, J. W., Erban, A., de Koning, S., Dunn, W. B., Luedemann, A.,
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Anal. Chem. 80, 421–429
68. Tolonen, A., and Uusitalo, J. (2004) Rapid Commun. Mass Spectrom. 18,

3113–3122
69. Cai, F., Xu, W., Wei, H., Sun, L., Gao, S., Yang, Q., Feng, J., Zhang, F., and

Chen, W. (2010) J. Chromatogr. B 878, 1845–1854
70. Psychogios, N., Hau, D. D., Peng, J., Guo, A. C., Mandal, R., Bouatra, S.,

Sinelnikov, I., Krishnamurthy, R., Eisner, R., Gautam, B., Young, N., Xia, J.,
Knox, C., Dong, E., Huang, P., Hollander, Z., Pedersen, T. L., Smith, S. R.,
Bamforth, F., Greiner, R., McManus, B., Newman, J. W., Goodfriend, T.,
and Wishart, D. S. (2011) PLoS ONE 6, e16957

71. Hirayama, A., Kami, K., Sugimoto, M., Sugawara, M., Toki, N., Onozuka,
H., Kinoshita, T., Saito, N., Ochiai, A., Tomita, M., Esumi, H., and Soga, T.
(2009) Cancer Res. 69, 4918–4925

72. Urakami, K., Zangiacomi, V., Yamaguchi, K., and Kusuhara, M. (2010)
Biomed. Res. 31, 161–163

73. Kato, M., Onda, Y., Sekimoto, M., Degawa, M., and Toyo’oka, T. (2009)
J. Chromatogr. A 1216, 8277–8282

74. Aturki, Z., D’Orazio, G., Rocco, A., Bortolotti, F., Gottardo, R., Tagliaro, F.,
and Fanali, S. (2010) Electrophoresis 31, 1256–1263
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LC-MS-based quantitative proteomics has become increas-
ingly applied to a wide range of biological applications due to
growing capabilities for broad proteome coverage and good
accuracy and precision in quantification. Herein, we review the
current LC-MS-based quantification methods with respect to
their advantages and limitations and highlight their potential
applications.

LC-MS-based quantitative proteomic approaches have
become increasingly popular over the past decade (1–7). In
general, discovery-based proteomic efforts lend themselves to
global analyses whereby a broad survey of the proteome is per-
formed across various samples, and the quantitative differences
among them are estimated. In discovery-based efforts, the
breadth of analysis is emphasized more than the precision and
accuracy of quantification. For studies in which these qualities
are crucial such as verification efforts, the tactic switches to
sensitive, precise, and accurate analysis of a few targeted pro-
teins in relatively large set of samples and internal standards are
often used.
Fig. 1 illustrates an LC-MS-based global proteomic workflow

in which proteins are converted into peptides for identification
and quantification (i.e. “bottom-up” proteomics). Typically,
methods are applied in conjunctionwith enzymatic digestion of
proteins and subsequentmeasurement of one ormore peptides
from each protein that serve as effective measurement surro-
gates. We note that direct measurement of intact proteins (i.e.
“top-down” proteomics) is another analytical option but is
beyond the scope of this minireview and therefore not dis-
cussed herein. In global analyses, relative quantification of pep-
tides usually involves either label-free or stable isotope labeling
techniques (1) to discern differences in protein abundances

among different biological conditions, and results are often
expressed as “-fold changes.” Overall, label-free approaches
have wider dynamic range and broader proteome coverage,
whereas stable isotope labeling approaches offer higher quan-
tification precision and accuracy (8). Another common ap-
proach is absolute quantification, which determines the exact
amount or concentration of a peptide/protein in a given sample
and requires the use of an appropriate “internal” standard. All
of these approaches have considerably different pros and cons
that must be weighed before deciding which one is best for a
specific course of study.
Challenges affecting quantification in a bottom-up pro-

teomic workflow stem from the wide range of peptide and
protein physicochemical properties that give rise to large
differences in MS responses (8). Sample handling, digestion
efficiency, and separation also can have an impact on results. As
such, relative peptide intensities may not directly reflect the
relative abundances of different proteins. A major factor that
influences LC-MS-based quantification via electrospray ioniza-
tion is ion suppression (9). Peptide intensity depends on the
quantity of the peptide being ionized as well as on ionization
efficiency and, under some conditions, on the properties of co-
eluting peptides. The use of lower flow rates (e.g. �100 nl/min)
(9, 10) or internal standards (11, 12) can help alleviate ion sup-
pression. Other issues in LC-MS-based quantification include
the separation peak capacity and reproducibility of the chroma-
tography and the mass measurement accuracy and resolving
power of the mass spectrometer. Significant technological
advances such as the development and commercialization of
ultra-performance LC and high-mass accuracy/resolution
mass spectrometers have substantially overcome these issues,
making LC-MS-based quantification more reliable and acces-
sible to biologists.
Basically, there is no recognized “one-size-fits-all” method

that fulfills every quantitative need, and available options for
quantification canmake it difficult for an investigator to choose
the most appropriate approach to answer particular biological
questions. This minireview presents the advantages and limita-
tions of commonly used LC-MS-based protein quantification
approaches and provides guidelines for researchers who may
not be familiar with but would like to benefit from quantitative
proteomic measurements.

Label-free Quantification

Straightforward and inexpensive, label-free quantification is
being increasingly applied to proteomic measurements. With-
out the need to modify peptides/proteins with stable isotope-
containing compounds or to add heavy isotope-labeled internal
standards to the sample, label-free approaches requireminimal
manipulation of the sample and can be used on any type of
biological materials. Conceptually, label-free quantification
allows for the comparison of an unlimited number of samples;
however, each sample has to be analyzed individually (no sam-
ple multiplexing). This type of approach usually offers wide
dynamic range, which is especially advantageous when rela-
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tively large-abundance changes are expected. The two major
label-free quantification approaches are spectral counting and
MS ion intensity (or peak area) measurement.
Spectral counting, i.e. counting the number of MS/MS spec-

tra identifying a given peptide or protein, represents a simple
approach for relative quantification without stable isotope
labeling (13, 14). The rationale behind this method, which has
been experimentally validated (13), is that the frequency for
which a peptide is selected for MS/MS fragmentation is posi-
tively correlated to its quantity in the data-dependent acquisi-
tion operation mode. In this mode, a survey MS scan is
acquired, followed by selection of typically �10 of the most
abundant ions in the survey MS scan for subsequent MS/MS
analysis (i.e. undersampling). Spectral counts for different pep-
tides from a given protein can be summed up for relative quan-
tification of the protein; however, the linearity and the number
of quantified proteins will depend on the data-dependent
acquisition setting details (15). Although spectral counting is
straightforward, small numbers of spectral counts for proteins
present in low abundance provide less robust quantitative
measurements of these proteins due to statistical limitations
and other factors such as the need to limit the false discovery
rate so as not to “count” lower quality spectra (16).
Label-free quantification can also be performed based onMS

ion intensity (or peak area) for the peptides in a given sample.

These LC-MS-based approaches alleviate the undersampling
issue inherent in typical LC-MS/MS analysis (17). An example
of this type of approach is the accurate mass and time tag strat-
egy (18–20), which utilizes high-resolution high-mass accuracy
LC-MS to analyze individual samples. Peptides are identified by
matching accurate mass and normalized elution time features
to those stored in a previously established reference database of
peptides. Following accurate alignment of detected LC-MS fea-
tures (i.e. LC retention time and m/z values) across different
analyses, the areas under chromatographic elution profiles of
the identified peptides can be compared among different sam-
ples for relative quantification. Similar quantitative approaches
that rely on direct LC-MS measurements, feature alignment,
and peak identifications have also been reported (21, 22).
In label-free intensity-based quantification, any variations in

sample preparation, LC-MS reproducibility, ionization effi-
ciency, and other sources of “instrument drift” can lead to
increasedmeasurement error. Therefore, it is important to nor-
malize the data to correct (as much as possible) for systematic
variations (23). Software tools for performing LC-MS feature
alignments, peak matching, data normalization, and statistical
analyses of label-free quantification data are available (20, 22,
24). Although label-free intensity-based quantification has
been broadly applied, its accuracy and reliability for quantifica-
tion are inherently limited by the reproducibility related to

FIGURE 1. General workflow for LC-MS-based global proteomics. Proteins in complex biological samples are first converted into peptides by proteolytic
digestion (e.g. tryptic digestion). The resulting peptide mixture is then separated by LC and ionized by electrospray before entering the mass spectrometer. In
a typical data-dependent acquisition operation mode, a full MS spectrum is acquired for the peptides that are eluting from the LC column at any given time;
one of the most intensive ion species (i.e. peptides) is then isolated and fragmented to obtain the MS pattern of its fragments (i.e. MS/MS spectrum). Because
peptide bonds are prone to fragmentation under collision-induced dissociation conditions in the MS/MS analysis and produce predominantly b- or y-type ions
(N- or C-terminal fragments carrying charge, respectively), the peptide sequence can be readily deduced from the MS/MS spectrum. This process is fully
automated by searching the MS/MS spectra against protein sequence databases. Possible post-translational modifications can also be identified by including
dynamic modification on certain amino acid residues (e.g. Ser, Thr, or Tyr for phosphorylation) in the database search. Quantification of each peptide is typically
performed at the extracted ion chromatogram level; however, for isobaric tagging approaches (e.g. iTRAQ), quantification is carried out at the MS/MS spectrum
level. PTMs, post-translational modifications.
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sample processing, LC-MS platform, etc. These factors should
be considered and minimized when applying label-free quanti-
fication approaches.

Stable Isotope Labeling Approaches for Quantification

Stable isotope labeling approaches enable accurate quantifi-
cation based on a stable isotope dilution concept (1). Because a
stable isotope-labeled peptide has the same chemical properties
as its native equivalent, the two peptides within a mixture
should exhibit identical behaviors during LC and electrospray
ionization processes and be separated by their differences in
mass, thus enabling accurate peptide (but not necessarily pro-
tein) quantification. The relative abundance differences mea-
sured byMS between the two peptide forms are taken to quan-
titatively reflect true differences in abundance within the
mixture. 13C, 15N, and 18O are commonly used stable isotopes
(25) that can be incorporated into proteins or peptides meta-
bolically, enzymatically, or chemically. Although sometimes
used, 2H is less desirable because it changes the physicochemi-
cal properties of peptides such that the heavy form elutes
slightly earlier than the light form in reverse-phase LC (26). In
stable isotope labeling methods, samples are combined after
labeling and analyzed by LC-MS or LC-MS/MS, which essen-
tially avoids the uncertainty induced by variations in instru-
ment performance between measurements. As a result, quan-
tification precision and accuracy are markedly improved
compared with label-free approaches.
The most popular metabolic labeling approach is stable iso-

tope labeling with amino acids in cell culture (SILAC)2 (27).
Briefly, one or several amino acids (typically Arg or Lys) are
labeled with “heavy” isotopes (e.g. 13C and/or 15N atoms) and
added to the growth medium. Then, the heavy isotope-labeled
amino acids are incorporated into all the proteins after several
cell doublings. Equal amounts of the heavy isotope-labeled pro-
teome and the normal-labeled proteome can be mixed at the
level of either intact cells (i.e. equal numbers of heavy and nor-
mal isotope-labeled cells) or cell lysates (i.e. equal amounts of
heavy and normal isotope-labeled protein contents) and ana-
lyzed. Peptide abundance ratios are determined in the MS
mode by comparing the intensities of the labeled and unlabeled
peptides within a survey mass spectrum. SILAC can be used to
quantify in vivo changes (e.g. protein turnover) as the isotopes
are introduced during the natural biosynthesis process.
Another advantage is that multiplexing is possible due to
the availability of several labels (e.g. 12C6

14N4-Arg, 13C6
14N4-

Arg, and 13C6
15N4-Arg) (1, 12). A shortcoming is that SILAC is

limited to cell cultures and cannot easily be applied to tissues or
biofluids.
With enzymatic labeling, 18O atoms are incorporated into

the C terminus of every proteolytic peptide during or after pro-
tein digestion catalyzed by trypsin (28), Glu-C (29), or some
other proteases (30). Previously, two main issues, incomplete
labeling and 18O back-exchange to 16O, limited the application

of 18O labeling for global quantitative proteomics. Typically,
18O labeling is performed when a sample is digested in H2

18O
solution with trypsin; however, different peptides often have
different labeling efficiencies. We and others demonstrated
more effective labeling by directly incubating peptides in 18O
waterwith trypsin as a catalyst (31, 32), and a recently improved
protocol that incorporates a boiling step after labeling now pre-
vents oxygen back-exchange (33). 18O labeling coupledwith the
accurate mass and time tag approach has been applied in pair-
wise global quantitative proteomics (31, 34), and more large-
scale applications have also been reported (35, 36). The main
advantages of 18O labeling are its simplicity in labeling, rela-
tively low cost, and applicability to all types of samples (e.g.
tissues, cells, and biological fluids). Additionally,many different
software tools are available to facilitate the 16O/18O-based
quantification (31, 37, 38).
Another commonly applied stable isotope labeling strategy is

based on incorporating isotope-containing tags into proteins or
peptides via chemical reactions, a strategy that can be applied to
any type of biological materials. The first reported chemical
labeling proteomic approach was isotope-coded affinity tag
(ICAT), which reacts specifically to the sulfhydryl group of Cys
residues (39). Relative protein abundance is determined in the
MS mode, and the mass shift is 9 Da per ICAT-labeled Cys
(provided 13C is used in the heavy form) (40). More recently,
novel chemically reactive tags have been developed for labeling
peptides that facilitate quantitative analysis ofmultiple samples
simultaneously (i.e. multiplexing), which is particularly useful
for following a biological system over multiple time points (8,
41). The most commonly used tags for peptide labeling are iso-
baric tags for relative and absolute quantification (iTRAQ) (42–
44) and tandem mass tags (TMT) (45, 46). iTRAQ and TMT
labels react specifically with primary amine groups of tryptic
peptides, e.g.N-termini and the side chains of Lys residues, and
the tagging reactions are largely complete without major side
reactions. The same peptides labeled with different isobaric
tags have exactly the same mass and co-elute precisely in LC
separations. Although tags remain indistinguishable in the MS
scan, they fragment into reporter ions of differentmasses in the
MS/MS scan. The intensities of the different reporter ions are
then used to determine the relative abundance of the corre-
sponding peptides and proteins in different samples. It is
important to note that both iTRAQ- and TMT-based quantifi-
cations require the ability to observe lowm/z fragment ions (i.e.
the reporter ions), which limits the type of mass spectrometers
that can be used. The iTRAQ reagent can be utilized to analyze
up to four (4-plex iTRAQ) or eight (8-plex iTRAQ) samples
simultaneously, whereas TMT can address two to six samples.
Because iTRAQ and TMT label-based quantifications are
measured at the MS/MS level, potentially higher signal/noise
ratios may be obtained for quantification compared with those
obtained at the MS level. Additionally, the accuracy of MS/MS
level quantification depends on the isolation window for
selected precursors in the first stage MS (8, 47), which is typi-
cally 3 Thomson, as all ions within that window will fragment,
and potential interferences could skew the quantification
results.

2 The abbreviations used are: SILAC, stable isotope labeling with amino acids
in cell culture; ICAT, isotope-coded affinity tag; iTRAQ, isobaric tag for rel-
ative and absolute quantification; TMT, tandem mass tag; SRM, selected
reaction monitoring.
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“Universal” Reference for Relative Quantification

A challenge for large-scale quantitative applications involv-
ing label-free and/or labeling-based proteomics is maintaining
platform reproducibility for large studies that may extend over
several months or years. The use of a stable isotope-labeled
whole proteome as a universal internal standard offers a solu-
tion to this challenge. Briefly, a pooled reference sample can be
generated, and the digested peptides can be labeledwith 18O (as
an example) to serve as the universal reference. The labeled
reference sample can be added to each unlabeled biological
sample so that each unlabeled peptide will have a correspond-
ing 18O-labeled version of the peptide from the universal refer-
ence. Relative peptide and protein abundances in many differ-
ent samples can be compared based on their ratios to the
universal reference in each analysis. The concept is similar to
the use of synthetic isotope-labeled peptides as internal stan-
dards (48) that are added to each biological sample. The 18O-
labeled universal reference can be generated from any type of
biological sample and requires only a single step to label a digest
of the pooled sample. This strategy has been applied to two-
dimensional proteome mapping of mouse brain (49) and in
human plasma proteome studies to discover biomarkers (36,
50).
A “super-SILAC” approach has been applied to quantify pro-

teins in human tumor tissues (51). In this approach, equal
amounts of SILAC-labeled proteins from several previously
established cancer-derived cell lines were combined (i.e. a
super-SILAC mixture). This mixture served as a “global inter-
nal standard” to quantify relative protein abundance frommul-
tiple tissue samples of the same tumor type. Unlike the 18O-
labeled universal reference, the super-SILAC strategy is limited
by the availability of appropriate cell lines for generating
SILAC-labeled samples and cannot be applied to biofluids.
Although the universal reference or global internal standard

approach offers great flexibility for large-scale relative quanti-
fication studies, it is difficult to produce a “true” universal ref-
erence that contains all the proteins and protein forms of inter-
est and that can be reproducibly generated. The nature of
adding a reference/standard makes it inevitable to dilute every
sample 1:1 with the standard and thusmakes itmore difficult to
detect and quantify lower abundance proteins.

Targeted Quantification

Global quantitative proteomics inherently suffers some lim-
itations as a result of missing data in individual analyses, false
identifications, reproducibility issues, and computational chal-
lenges. Targeted quantification approaches using selected reac-
tion monitoring (SRM) or multiple reaction monitoring for
accurate quantification of selected analytes are gaining in pop-
ularity as a means of overcoming these limitations. SRM is typ-
ically performed using a “triple quadrupole” tandemmass spec-
trometer that consists of a selection quadruple for the
precursor ion, a collision quadrupole, and another selection
quadrupole for the fragments. Specifically, an SRM assay
defines a list of precursor m/z values associated with specific
retention times. The critical rules for precursor selection are
defined in a comprehensive review (52). For eachm/z value, the

assay defines one or several fragment ions that are predicted to
have good MS response and are readily distinguished from
interference. By setting theMS platform to exclusively monitor
predefined precursor-to-fragment ion transitions in rapid suc-
cession, a specific ion can be detected and quantified when it
has the expected m/z value and produces fragments of the
expectedm/z. Recently, an interesting variant, intelligent SRM,
was developed to confirm the precursor identity without signif-
icantly perturbing the SRM quantification (53). In this method,
additional transitions are acquired in a data-dependent fashion
(triggered when all the primary transitions exceed a predefined
threshold), which increases the specificity of the analysis.
Among the benefits of SRM-based quantification is the

excellent reproducibility attained by using labeled synthetic
peptides as internal standards (54). Additionally, the approach
is less affected by sample complexity, as noise signals are fil-
tered out at both the precursor and fragment levels (55). As a
result, SRM has the highest sensitivity and a wide dynamic
range that extends 4–5 orders ofmagnitude, whichmakes SRM
well suited for targeted quantification experiments such as bio-
marker verification. SRM can also be applied to quantify par-
ticularpeptidemodifications (e.g.ubiquitinationandphosphor-
ylation) (41, 56).
An important application of SRM is absolute quantification,

which is achieved by using known concentrations of synthetic
isotope-labeled peptides as internal standards (48). In this
method, a target peptide is synthesized in an isotope-labeled
form and added to the protein digest at a known concentration.
The concentration of the native peptide is determined by com-
paring the ion intensities between the labeled and unlabeled
forms. The internal standard can correct for ion suppression
and matrix effects (11). For an experiment with multiple sam-
ples, the use of an internal standard ensures a fair comparison
across all samples.However, the protein amount determined by
absolute quantification may not reflect the true expression lev-
els in the original sample because the internal standard is added
after digestion and thus cannot correct for the variable losses or
enrichments that occur during sample preparation (57), i.e. not
true “absolute quantification.” Using an isotope-labeled protein
as the internal standard may alleviate this problem because the
surrogate protein can be combined with the target protein at
the very beginning of the analytical process. The standard can
be either a full-length isotope-labeled equivalent of a target pro-
tein (58) or an isotope-labeled artificial concatamer of proteo-
typic peptides from several proteins of interest, which allows
multiplexing (59). Regardless, identifying and synthesizing suit-
able internal standards are not trivial tasks, which limits the
absolute quantification approach to a restricted set of pre-
screenedproteins (1),making it suitable for applications such as
validating potential protein candidates of interest or quantify-
ing particular post-translationalmodifications such as ubiquiti-
nation (60).

Factors to Consider When Choosing a Quantification
Strategy

When it comes to quantitative proteomics, many options are
available, each with their own set of advantages and disadvan-
tages. Some factors to be considered when making a choice
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include the types of samples, the number of samples to be com-
pared, the biological sources and complexity of the samples, the
analytical needs (e.g. quantification precision, accuracy and
whether an absolute concentration is necessary) of the biolog-
ical problem, and the cost of the experiment (12).
Table 1 summarizes the performance characteristics for each

of the common LC-MS-based proteomic quantification strate-
gies. Among the stable isotope labeling techniques, SILAC
offers the best accuracy for quantification because it labels at
the cell culture level. Both 18O and isobaric labeling (e.g. iTRAQ
or TMT), which label at the peptide level, offer similar levels of
accuracy. Fig. 2 further exemplifies application of the distinc-
tive strategies for different types of studies. Note that advances
in the field continue to broaden the spectrum of applications.
Deciding which is the best quantitative approach to use is

made more difficult by the fact that the modification stoichi-

ometry may also change within a protein. For instance, many
identified phosphoproteins have more than one phosphorylation
site that is differentially regulated with individual functions (61).
Therefore, it is crucial to distinguish whether the abundance
change comes from site-specific phosphorylation or from the
whole protein. Several quantitative phosphoproteomic studies
have employed SILACor iTRAQ-labeled SRM techniques tomap
the phosphorylation signaling network upon epidermal growth
factor stimulation in different samples (41, 62, 63).

Conclusion and Perspective

In conclusion, proteomic quantification is a multifaceted
term encompassing global and targetedmeasurements that can
involve relative and/or absolute abundance determinations
across large sets of proteins. No single “gold standard method”
can resolve all of the analytical problems associated with pro-

FIGURE 2. Schematic diagrams of three major strategies in quantitative proteomics using stable isotope labeling. A, pairwise comparison is used to
compare two samples; 18O labeling, SILAC, and ICAT fall into this category. B, multiple comparison is used to compare up to four, six, or eight samples
depending the isobaric tags used (i.e. 4-plex iTRAQ, 6-plex TMT, or 8-plex iTRAQ). C, large-scale comparison employs an internal standard: 18O-labeled universal
reference, super-SILAC mixture, or synthetic isotope-labeled peptides. AQUA, absolute quantification.

TABLE 1
Overview of the characteristics of different LC-MS-based quantification approaches

Proteome
coverage

Sample preparation
workflow complexity Quantification precision

Quantification dynamic
range (log10)

Quantification
level

No. of samples
to compare

Cost per
sample

Spectral counting High Low Low (�30% RSDa) 2–3 MS/MS Unlimited Low
AUC/ion intensity High Low Medium (10–30% RSD) 2–3 MS Unlimited Low
SILAC High High High (�10% RSD) 1–2 MS 2–3 High
18O Medium Medium Medium (10–20% RSD) 1–2 MS 2 Low
ICAT Low Medium High (�10% RSD) 1–2 MS 2 Medium
iTRAQ/TMT Medium to highb Medium High (�10% RSD) 1–2 MS/MS 2–8 High
18O universal reference Medium Medium Medium (10–20% RSD) 1–2 MS Unlimited Low
Super-SILAC Medium High High (�10% RSD) 1–2 MS Unlimited High
SRM Low High High (�10% RSD) 4–5 MS/MS Unlimited Highc

a RSD, relative standard deviation; AUC, area under the curve.
b Prefractionation can lead to high proteome coverage in the iTRAQ or TMT approach.
c Synthesis of standard peptides or proteins is complex and can be very expensive.
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teomic quantification; biologists must choose the most appro-
priate method for particular biological applications.
Although LC-MS-based quantitative proteomics has made

and is continuing to make large strides toward better under-
standing biological systems, its potential has not been fully real-
ized. Bottom-up proteomic approaches rely on the assumption
that proteins are completely digested into peptides that are all
reproducibly detectable inMS analysis (12); this is rarely true in
practice. Moreover, precise and accurate quantification of a
specific protein is only achievable when the peptides are exclu-
sively derived from a particular protein, so-called proteotypic
peptides (64). “Missing values” still present a formidable chal-
lenge in proteomic data analysis, and effective quantification of
most post-translational modifications is still in its infancy.
To realize true proteome-wide quantification, higher per-

formance platforms providing better separations and linear
responses over a wider dynamic range are required. Higher
mass resolution and measurement accuracy can help differen-
tiate target peptides from co-eluting molecules with similar
mass; higher sensitivity will facilitate quantification on low-
abundant proteins; and faster scanning rates will assist in quan-
tifying proteins on the basis of more peptides (1). In addition,
automated and more complete/uniform protein digestion,
more efficient and higher throughput labeling, and more intel-
ligent platform control software are also required to promote
the wide application of quantitative proteomics.
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The diverse proteome of an organism arises from such events
as single nucleotide substitutions at the DNA level, different
RNA processing, and dynamic enzymatic post-translational
modifications. This minireview focuses on the measurement of
intact proteins to describe thediversity found inproteomes.The
field of biologicalmass spectrometry has steadily advanced, ena-
bling improvements in the characterization of single proteins to
proteins derived from cells or tissues. In this minireview, we
discuss the basic technology for “top-down” intact protein anal-
ysis. Furthermore, examples of studies involved with the quali-
tative and quantitative analysis of full-length polypeptides are
provided.

Introduction to Intact Protein Mass Spectrometry

Goals of modern biological and biomedical research include
characterizing and ultimately treating humandisease. Different
diseasesmay be characterized byDNA, RNA, and proteins with
regard to observed malfunctions and phenotypes at the molec-
ular level. The field of functional genomics has progressed to
“rapid” whole genome sequencing. Large-scale mapping of
genetic information catalogues mutations and polymorphisms
that can translate into proteome variation. RNA processing
increases protein variation through basic transcription or alter-
native splicing (Fig. 1). To determine the significance of shot-
gun proteomics-type experiments, the identified proteins may
often be sorted into “interaction networks” based on known
interactions or changes in regulation upon different disease
types or perturbations (Fig. 1). Analysis of the proteome of an
organism presents a difficult challenge due to the complexity
and often the distribution of gene products into different pro-
tein forms. In contrast to genomics and RNA analysis, compre-
hensive mapping of the proteome of an organism and its
dynamic variation is further complicated by the enzymatic (or

chemical) addition/deletion of post-translationalmodifications
(PTMs).2
The control and regulation of protein expression stem largely

from the control of RNA expression from coded DNA and, as
such, the control of different isoforms. The term “isoforms,” as
has been recommended by the International Union of Pure and
Applied Chemistry (IUPAC), refers to protein forms that have
high sequence identity and arise from the same gene family or
polymorphisms. Thus, the variation for protein isoforms arises
from “genetic” sources by this definition. The term “protein
species” is suggested to refer to highly related protein forms
that differ due to PTMs and alternative splicing (Fig. 1) (1, 2).
Colloquially, most use the term “isoform” or “variant” to refer
to a mixture of all these sources of molecular variation at the
protein level. Here, we focus on modern protein analysis and,
more specifically, the identification and characterization of
whole protein molecules by MS. This has come to be known as
“top-down” (TD) intact protein analysis (3–5).
Proteinsmay also be routinely analyzed by “bottom-up” (BU)

proteomics, in which the proteins are digested with a protease
prior to peptide detection and protein identification by peptide
sequencing with MS/MS (supplemental Fig. 1). The digested
samples produce a complex mixture of peptides between �500
and 3500 Da that are usually separated by single mode or mul-
tidimensional chromatography. On-line precursor mass mea-
surement, along with the MS/MS “fragmentation” spectrum,
typically allows for the inference of peptides by mapping to
protein databases and the probability of such. The peptides are
matched to proteins along with the probability of the protein
being a true identification. Without the aid of additional infor-
mation, often only the gene family can be identified by BU
proteomics.
Furthermore, several isoformsmay be associated with a gene

family, and the individual isoforms may produce peptides with
identical sequences (6). Although isoforms, sequence, and
PTM information may be lost in the context of describing the
full proteome, BU proteomics affords higher proteome cover-
age in comparison with TD proteomics (7). One way to convey
this, in biological terms, is in the challenge of analyzing iso-
forms created by evolution in the process of microbial specia-
tion. Using simple mass analysis of whole ribosomal proteins,
the sequence variation imbedded in the mass of the whole pro-
tein can be used to create a new type of phylogenetic tree (8).
As mentioned above, TD proteomics has yet to reach the

same proteome coverage as BU proteomics. This is further
exacerbated by non-routine TD analysis of proteins above 50
kDa in a high-throughput discovery mode. However, intact
protein analysis is more likely to result in measurement of var-
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iation from coding polymorphisms, alternative splicing, and
diverse PTM changes, which has been demonstrated in several
targeted studies on single proteins or those present in modest
mixtures (9–12).
If we loosen our definition of TD proteomics to include the

classic approach of two-dimensional gel electrophoresis (GE),
one can see that this strategy of molecular analysis has been
used for quite some time (13). However, to identify proteins
with two-dimensional GE, interesting “spots” are analyzed by
BU proteomics. Thus, this minireview will include some infor-
mation on hybrid techniques such as two-dimensional GE with
BU proteomics for protein identification (14). However, much
of the reviewunder “Technology for Intact Proteins: Ionization,
Separations, Instrumentation, and Informatics” describes sep-
arations that are “solution-based” platforms, which maintain
proteins in solution. This strategy preserves the proteins in
their intact mature form for mass measurement and direct
sequencing in a mass spectrometer (5).
Covering the continuum of sample complexity, from single

protein to protein complexes towhole cells and tissues, helps to
define the workflows and platforms required for analysis. For
“targeted” TD intact protein analysis, “high sequence coverage”
of single proteins or protein complexes can be obtained,
whereas high proteome coverage can be obtained for global
analysis of cellular and tissue lysates. Global proteome analysis
is often associated with high-throughput technologies because
several different componentsmay be identified over a relatively
short amount of time. Targeted TD analysis is not intended to
mean low-throughput. With regard to global TD analysis,
increasing the number of identified isoforms per experiment is
desirable to describemultiple isoforms at the same time, afford-
ing the ability to perform experiments in discoverymode. Thus,
high-throughput TD includes the analysis of proteomes from
complex samples, whereas targeted TD analysis is performed
on single or simple mixtures of proteins (Fig. 2). As the duty

cycle for instruments has improved over the last 10 years, high-
throughput TD proteomics has continued to become increas-
ingly possible for discovery and quantitation experiments in a
fashion that is starting to approach BU proteomics. Below, we
will expand upon the different separations, instrumentation,
and informatics that have been developed to achieve TD pro-
teomics in targeted or high-throughput contexts.

Technology for Intact Proteins: Ionization, Separations,
Instrumentation, and Informatics

Many of the breakthroughs in biological MS, i.e. intact pro-
tein analysis, were achieved due to the advent of soft ionization

FIGURE 1. Left, pictorial representation of a homologous pair of chromosomes. A single locus is sequenced to reveal molecular variation such as a heterozygous
genotype from an SNP in the human population. Center, RNA variations arise from such events as alternative splicing (or RNA editing). Right, hypothetical
picture of a protein network. Underneath a single node can lie whole populations of isoforms that are not characterized well with mainstream proteomic
methods. These isoforms arise from a combination of molecular variation including SNP, alternative splicing, and PTMs. Depending on the state of the cell or
tissue, isoform-specific responses can be masked when analyzed by proteomics based on tryptic digestion.

FIGURE 2. The diagram displays a continuum from single proteins analyzed in
targeted studies to full proteomes and conveys the current state of technol-
ogy, where complete characterization of highly modified proteins usually
correlates with lower throughput. For interrogation of complex mixtures,
multidimensional separations are required for sample preparation to address
the classic “front end” problem in MS. As for BU proteomics, analyzing larger
numbers of proteins in the high-throughput mode enables a large number of
protein identifications but often requires a trade-off in the quality of molec-
ular characterization (e.g. PTMs or SNPs are not localized to a specific site).
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techniques such as electrospray ionization (ESI) (15) and
MALDI (16, 17). A basic description of these ionization tech-
niques can be found in the supplemental data. Briefly, ESI
allows for samples to be directly infused or analyzed on-line by
reversed-phased LC (RPLC). This unique capability allows for
proteins to be maintained in the “solution phase” for MS anal-
ysis. Proteins may also be separated by different modes such as
those based on charge, strong cation exchange, or weak anion
exchange or those based on normal-phase separations with
hydrophilic interaction chromatography. Other reviews have
outlined successful applications of different separation modes
(18, 19). Furthermore, non-particle base preparative (solution)
isoelectric focusing (20) and gel-eluted liquid fraction entrap-
ment electrophoresis (21) have recently providedmodes of sep-
aration similar to acrylamide gels but result in recovery of pro-
teins in the solution phasewith high yields. In contrast to RPLC,
each of the above techniques is usually performed off-line to
MS because of incompatibility with ESI. Thus, samples are sep-
aratedwith an orthogonalmethod such as RPLC for direct infu-
sion ESI-MS or by on-line RPLC-ESI-MS (22–25). Especially
for complex protein samples, improved separations will always
improve the MS analysis (19).
As mentioned above, intact proteins may also be separated

by slab GE, although not considered TD analysis in the tradi-
tional sense. Slab gels are the cheapest and most common way
to separate proteins by size and/or isoelectric point. Proteins
are detected by staining dyes, covalently attached fluorescent
dyes, radiolabeling, or immunoblotting (26, 27) or are identified
by BUMS. One of the main strengths of slab gel intact protein
separations is quantitation by two-dimensional difference GE
(DIGE) (28). The drawback for this detection scheme is that the
PTM site location, full sequence, and/or full isoform informa-
tionmay be lost. Solution phase-basedTDproteomics also pro-
vides quantitation platforms with chemical and metabolic
labeling schemes. Akin to fluorescent labeling for DIGE, analy-
sis of yeast by 14N/15N metabolic labeling may provide relative
quantitation across different treatments (29). More recently,
Muddiman and co-workers (30) performed stable isotope label-
ing with amino acids in cell culture (known as SILAC) with
Aspergillus flavus and human embryonic stem cells to yield rel-
ative quantitation of whole proteins.
Traditionally, TD intact protein analysis has been most suc-

cessful with ESI Fourier transform ion cyclotron resonance
(FT-ICR) MS. The FT-ICR mass spectrometer is still currently
the highest resolution instrument available for sample analysis
(31). The analytical advantages of FT-ICR-MS for large biomol-
ecules have been reviewed previously (9, 19, 31). FT-ICR-MS
can provide mass error measurement of �2 ppm for proteins
up to 25 kDa. This mass accuracy is often required for unam-
biguous characterization, especially when themass shiftmay be
associatedwith deamidation (� � 1Da on an�15-kDa protein)
(32), the difference between acetylation and trimethylation
(� � 0.0363 Da on fragments) (33), or reduced/oxidized disul-
fide bonds (� � 2 Da on an �14-kDa protein) (34). Further-
more, when analyzing fragment ion spectra (i.e. dissociation of
the intact protein into fragments for mass measurement), high
mass accuracy is desirable for high confidence, and high resolv-
ing power is advantageous for resolving overlapping fragment

peaks (35). FT-ICR-MS has set the standard for the require-
ments for accurate and precise mass measurement. Recently, a
second high-resolution instrument, the linear trapping quadru-
pole (LTQ) orbitrap mass spectrometer, akin to FT-ICR tech-
nology but lacking a superconducting magnet, was applied to
the analysis of intact proteins (25, 36–38).
Although not typically associatedwith high-resolution intact

protein analysis, TOF mass spectrometers have also been used
to characterize proteins. For example, MALDI-TOF-MS anal-
ysis for protein mapping has been developed for such applica-
tions as biodefense (39). Thus, intact protein mass spectra may
be compared across sample types by MALDI-TOF-MS. An-
other application includes tissue imaging, by which MALDI-
TOF-MS can provide highly sensitive and specific spatial anal-
ysis of biomolecules based on mass (40–42). The experiments
add another dimension to the investigation of protein arrange-
ments in all types of biological tissues, such as diagnosis from
resections (43).
Each of the different mass analyzers described above may

fragment proteins through different methods based on activa-
tion using thermal heating (collisions with gas) or electron cap-
ture/transfer. Fragment ions report on the protein primary
sequence and PTM site location. One of the first successful
implementations of protein fragmentation includes electron
capture dissociation (ECD) and FT-ICR-MS on ubiquitin and
cytochrome c (44). ECD fragments proteins by ultra-fast disso-
ciation of the amino acid backbone, thus generating several
product ions along the backbone of the protein. Often, ECD
produces the most sequence information for characterization
of intact proteins. Furthermore, ECD is usually associated with
single or simple mixtures of proteins.
Not mentioned above are the LTQ or quadrupole mass ana-

lyzers. LTQ (45) and quadruple analyzers are not normally
associated with intact mass measurement as stand-alone mass
analyzers; however, the development of hybrid instruments
(two mass analyzers placed in-line), i.e. LTQ-FT-ICR, LTQ
orbitraps, quadrupole TOF, and TOF/TOF (46), has improved
throughput by thermal activation with collision-induced disso-
ciation (CID). Ion trap hybrid instruments fragment proteins in
the LTQ or quadrupole analyzer prior to transfer to a second
higher resolution mass analyzer. Electron transfer dissociation
(47) is another fragmentation method, akin to ECD, that takes
place in an LTQ analyzer as opposed to ICR cells. Also, higher
energy CID has been implemented on LTQ orbitraps (48).
In comparison with ECD, thermal activation produces fewer

fragments with increased amino acid specificity. An early
implementation of thermal activation includes CID fragmenta-
tion by Loo et al. in 1990 (49). Other early forms of protein
fragmentation methods include in-source, infrared multipho-
ton (50, 51), and surface off-resonance irradiation (52) dissoci-
ation. During the last 10 years, all of the described fragmenta-
tion methods have been improved. For example, funnel
skimmer dissociation, akin to in-source dissociation (53, 54),
and CID (55) continue to be implemented across instrument
types; however, fragmentation is still limited to specific amino
acids and often only in the proximity of the N or C terminus of
proteins.
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Hybrid instruments have also resulted in gains to “scan
speed” for intact protein analysis. For example, a linear octo-
pole was placed in-line with an FT-ICR mass spectrometer to
detect 101 whole proteins from 5 to 59 kDa, with many PTMs
and protein forms identified from the methanogen Methano-
sarcina acetivorans (56). Another implementation included
CIDwith an LTQ-FT-ICRmass spectrometer. This instrument
was similar to the linear octopole; however, the number of ions
transferred into the ICR cell (or orbitrap) can be controlled (57,
58). Another advantage of the improved duty cycle of the new
generation of hybrid instruments becomes particularly impor-
tant as the resolution of intact protein separation has improved
with reversed-phased nano-LC (nLC; i.e. flow rates at 300–500
nl/min with capillary columns). Currently, high-throughput
MS analysis with on-line nLC can provide routine analysis of
proteins up to 35 kDa (22, 23). LTQ orbitraps have yet to reach
the same intact mass plateaus as ICR mass analyzers (in terms
of resolving power); however, they are very promising for TD
proteomics analysis (59).
On-line fragmentation of intact proteins can also be achieved

with TOF instrumentation (60). Resemann et al. (61) reported
the ability to unambiguously sequence a 13-kDa fragment of a
variable region of an antibody through the use of MALDI in-
source decay in a TOF/TOF hybrid instrument. TOF/TOF
hybrid instruments (two TOF mass analyzers) have also been
found to be useful for some proteins between 5 and 15 kDa (62).
A second type of TOF hybrid instrument includes quadrupole
TOF research performed by McLuckey and co-workers (63).
They were able to analyze fragmentation spectra with relatively
lower resolving power through reducing the complexity of frag-
mentation spectra by collapsing the charge states of fragments
to mainly singly charged species though the use of fast ion-ion
reactions (64). All of the described instrumentation has gener-
ated new types of data to be extracted and analyzed. The com-
plexity of the data has resulted in new programs for sequencing
proteins.
Several advances in protein identification and instrumenta-

tion control have also improved the throughput of TD intact
protein analysis. Intact and fragment masses are characterized
by mapping calculated sequence tags or fragment ions to data-
bases with known protein sequences or by heuristic analysis.
ProSight was the first program to provide algorithms for single
and high-throughput protein analysis (65). More recently,
other algorithms such as BigMascot (53) and PIITA (precursor
ion-independent TD algorithm) (66) have been developed to
provide general software packages for intact protein analysis.
TOF/TOF hybrid instruments have also found development of
software for interpretation of small proteins in regard to food-
borne pathogens (62). With regard to instrument control soft-
ware, fraction collection followed by direct infusion MS with a
robot provides automated control of all steps from sample addi-
tion to data analysis. In short, fractions were collected off-line
with a split flow directed toward the instrument for intact mass
profiling. The information from the chromatogram generated a
feedback loop for the robot to infuse the sample with intelligent
MS data acquisition that included mass isolation and fragmen-
tation. Fragment ionswere then “signal-averaged” for increased

sensitivity and mass accuracy with direct infusion ESI-FT-ICR
(67, 68).
Other versions of this experiment include that carried out by

Lubman and co-workers (69), who achieved high-resolution
separation by coupling solution isoelectric focusing and non-
porous RPLC to MALDI-TOF-MS. This pseudo three-dimen-
sional separation afforded mass resolution (from the TOF ana-
lyzer) that surpassed that of SDS-PAGE. Furthermore, the
group also provided identifications through off-line digestion
of the fractions collected from the front end separation. With
regard to other forms of automation, Pasa-Tolić and co-work-
ers (70) combined intact protein profiling by on-line nLC-FT-
ICR-MS and split-flow fraction collection. The integrated
workflow was also implemented to identify phosphorylation
sites with BU proteomics as a second dimension to TD analysis.

Applications of Intact Protein MS

High-throughput characterization of isoforms and PTMs
may reveal incorrect database predictions. For example, Fergu-
son et al. (71) detected 99 proteins from M. acetivorans, 15 of
which were shown to have translational start sites that were
mispredicted. Also, the study identified five unannotated pro-
teins and another set of proteins from incorrect reading frames.
In another high-throughput study on human primary leuko-
cytes harvested by leukoreduction, Roth et al. (72) were able to
report on “the proteotype” of the diverse human proteome by
high-throughput characterization of 133 proteins (�600
unique intact masses), 32 of which had PTMs, SNPs, or were
detected as proteolysis products. Other studies continue to
improve lower limits for characterization. For example, with
only 500 ng of material, Lourette et al. (73) were able to profile
and semiquantitate over 250 oxidized and nitrated calmodulin
forms in activated macrophages through nano-LC-MS. There
are other fine examples of high-throughput characterization of
intact proteins and isoforms; however, we now turn to more
targeted studies.
Fraction collection by liquid chromatography prior to direct

infusionmay provide highly purified proteins for targeted char-
acterization. For example, Ryan et al. (74) characterized salivary
proteins from the cystatin family, identifying signal peptide
cleavages, disulfide bonds, and phosphorylation locations after
off-line prefractionation. Furthermore, three SNPs on two
members were detected for this protein family. In another
study, Ge et al. (77) identified �150 possible sites for phosphor-
ylation of cardiac myosin-binding protein C (cMyBP-C) on the
full-length and truncated isoforms. By achieving unit mass res-
olution and high mass accuracy for the 115-kDa full-length
form of cMyBP-C, they were able to identify multiple phospho-
protein forms. Furthermore, sites for phosphorylation were
localized to Ser-283, Ser-292, and Ser-312 after fragmentation
analysis. In comparison with the wild-type forms, the recombi-
nant truncated forms of cMyBP-C studied had dramatically
altered phosphorylation profiles. In another series of studies,
Ayaz-Guner et al. (76) identified bisphosphorylation of Ser-22
and Ser-23 in mouse cardiac troponin I (cTnI) in a wild-type
rather than a transgenic mouse. Certain sites were shown to be
phosphorylated in vitro that were not observed in vivo (Fig. 3,
upper left panel). As a last example, Zhang et al. (75) reported
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that swine cTnI had the same Ser-22/Ser-23 phosphorylation
and N-terminal acetylation but also revealed the localization of
a novel V116A SNP genetic variant. Many TD studies have
provided results on highly purified proteins or families of pro-
teins. For example, therapeutic antibodies represent a class of
single proteins that have grown in relevance to biologics and the
biotechnology industry (78).
With regard to biologics, TD intact protein analysis may

be applied with other techniques to characterize the expressed
antibody. Zhang et al. (48) and Bondarenko et al. (79) charac-
terizedmonoclonal immunoglobulin G� by direct infusion and
on-line reversed-phase chromatography with an LTQ orbitrap.
The result was the mass analysis of large antibodies, along with
the detection of different glycoforms (Fig. 3, upper right panel).
Similar experiments have also been performed on TOF instru-
ments, however, with less sequence information and at lower
resolution (80). There are many other publications that tackle
the challenging problems of therapeutics. A recent review
reports on the analysis of biologics and antibodies by MS (81).

TD intact protein analysis may aid in the early decision process
to streamline costs associated with drug development, espe-
cially with regard to therapeutics and antibodies. Furthermore,
there are many other therapeutic proteins that must be charac-
terized before Food andDrug Administration approval. In con-
sidering drug discovery, another class of proteins that may be
characterized by TD intact protein analysis includes histones,
their isoforms, and their dynamic post-translational modifica-
tions. Histone MS, in cohort with other techniques, has
informed the selection of different methyl- and acetyltrans-
ferases as “druggable” targets.
Histones, the protein building blocks of chromatin, are a

class of complex protein isoforms (H1, H2A, H2B, H3, and H4
plus all of the other possible forms) with dynamic PTMchanges
depending on the expression state of a cell. All histone families
have been successfully characterized by TD analysis to reveal
protein forms and dynamic PTMs (82). Some of the many
examples from our group include the gene-specific character-
ization of human histone H2B (83) and the H2A gene family

FIGURE 3. Four examples of intact protein analysis are presented. The complete findings are described in text. Upper left panel, the data resulted in the
characterization of cTnI with several phosphorylations (76). Upper right panel, spectra include those obtained by the analysis of antibodies with an LTQ orbitrap
and the final deconvoluted spectra, including the detection of glycan forms (48). Lower left panel, analysis of histones that were derived from MLL cell lines and
had changes in MMSET (a histone methyltransferase) expression (82). Up-regulation of MMSET expression increased the methylation states of H3.1, H3.2, and
H3.3. Lower right panel, capability of imaging whole tissue using whole protein MS, with the spatial resolution combined with detection of protein across the
molecular mass range of 1000 –30,000 Da (43).
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(84), quantitation of human H4 isoforms (85), specific methyl-
ation of H4K20 (86, 87), and characterization and quantitation
of H3 modification in human cells (88). More recently, Marti-
nez-Garcia et al. (82) provided a direct picture of the change in
methylation of H3.1, H3.2, and H3.3 based on MMSET (a his-
tonemethyltransferase) and the lack of or presence of such (Fig.
3, lower left panel).With regard to the other proteins associated
with chromatin, Garcia and co-workers (89) also performed
extensive work on histones and protein classes such as high-
mobility groups and the characterization of PTM dynamics.
Furthermore, Coon and co-workers (90) extended histone TD
proteomics to analysis with orbitraps and the identification of
74 unique histone forms. There are other examples of protein
families and the TD analysis of their isoforms and PTM status.
However, we now turn our attention to plant proteome
applications.
Many of the described platformsmay also be applied to plant

proteome analysis and, more specifically, membrane proteins.
The analysis of integral membrane proteins is difficult due to
their hydrophobic nature. Proteins of this subset are often ana-
lyzed with variations in mobile-phase conditions to improve
solubility (91). Some examples include the analysis of several
chloroplast proteins, resulting in the mapping of a variety of
PTMs and enzymatic cofactors (92, 93). Additionally, 11 inte-
gral membrane proteins identified from red algal Photosystem
II (a 750-kDa complex) resulted in the characterization of sev-
eral PTMs (94). The use of organic solvents for membrane pro-
tein extraction followed by separation by hydrophilic interac-
tion chromatography has also been described (95, 96). These
studies resulted in the identification of several integral mem-
brane proteins from mitochondria.
As a second platform for analysis of the plant proteome,

genetics coupled to DIGE can be used to investigate the genetic
architecture of complex phenotypes (Fig. 4) (97). Cilia et al. (97)
used DIGE to phenotype sister aphid F2 genotypes that segre-
gated in their ability to transmit plant viruses. The study
revealed phenotyping and virus transmission information.
Results included the description of genetic heterogeneity in the

aphid’s bacterial endosymbiont (Buchnera aphidicola) co-seg-
regating with the virus transmission phenotype and heritable
bacterial and aphid protein isoforms linked to the virus trans-
mission phenotype and to specific virus transmission barriers
within the aphid. There have been other elegant DIGE/BU
experiments performed on humans and other species that are
beyond the scope of this minireview. As mentioned above, tis-
sue imaging byMALDI-TOF-MS is also another form of intact
protein analysis.
Tissue analysis by MALDI-TOF-MS results in the mapping

of protein species for different clinical applications (Fig. 3, lower
right panel) (43). Intact protein imaging from tissue is often
followed by TD or BU protein characterization, unless the pro-
tein of interest has a known molecular weight a priori. For
example, Schey and co-workers (98) have imaged ocular lenses
and retinal tissue from human, bovine, and rabbit. This study
resulted in spatial resolution andmapping of the distribution of
the G-protein-coupled receptor in the rabbit retina, and an
integralmembrane protein (AQP0) in human andbovine lenses
could be mapped. Imaging normally consists of the analysis of
soluble proteins; however, the preparation in their study also
allowed for the analysis of integral membrane proteins (98).
Imaging can also be used for tissues, as Cazares et al. (99) com-
pared tissue slices from benign and cancerous prostates and
found thatMEKK2 (MAPK/ERK kinase kinase 2) was prevalent
in the cancerous tissue. As an additional example of profiling
cancer, Rauser et al. (100) reported on the usefulness of MS
imaging for breast cancer and human EGF receptor 2 with
regard to decision making and therapeutics. To confirm the
findings, the group also accessed TD and BU proteomics tech-
niques to fully identify the proteins.

Conclusions

This minireview has briefly covered the broad field of intact
protein analysis by TD MS. Measurement of intact proteins
(isoforms and protein species) should result in stronger corre-
lations between MS data and complex phenotypes. To the
extent that the above hypothesis is true, TD proteomics and its

FIGURE 4. A, full DIGE analysis of the cereal yellow dwarf virus strain RPV transmission-competent phenotype. Boxes 1–3 highlight changes between Schizaphis
graminum and the cereal yellow dwarf virus RPV vectors. More information on the observed difference may be found in Ref. 97. This work represents an
example of the concept of “digital” or “qualitative” protein biomarkers, where the simple observation of a protein form (and not its level of expression)
correlates closely to an overall organismal or cellular phenotype. B, troponin T isoforms. C, replication protein A 70-kDa subunit isoforms. D, CoA ligase isoforms.
E, electron-transferring flavoprotein dehydrogenase isoforms. F, GAPDH isoforms.
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focus on analyzing protein molecules in an isoform-resolved
manner will helpmake the interface between biologicalMS and
translational biomedicine more efficient. TD protein analysis
has been driven by biological diversity to have many different
platforms. Furthermore, examples were presented that illus-
trate the usefulness of different platforms. TD proteomics can
reveal the rich isoform and PTM diversity found in nature and
the human body.
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MALDI-imaging MS is a new molecular imaging technology
for direct in situ analysis of thin tissue sections. Multiple ana-
lytes can bemonitored simultaneously without prior knowledge
of their identities and without the need for target-specific
reagents such as antibodies. Imaging MS provides important
insights into biological processes because the native distribu-
tions ofmolecules areminimally disturbed, and histological fea-
tures remain intact throughout the analysis. A wide variety of
molecules can be imaged, including proteins, peptides, lipids,
drugs, and metabolites. Several specific examples are presented
to highlight the utility of the technology.

MALDI imaging MS (IMS)4 is an emerging new tool for the
analysis of biological and clinical tissue samples. It has been
shown to be amenable for the analysis of proteins, peptides
(both endogenous and enzymatically produced), lipids, and
small molecules (such as drugs and endogenous metabolites).
Spatial relationships of molecules within a specimen are pre-
served because intact tissue is directly analyzed without
homogenization. In this way, molecules can be interrogated in
their native environments, providing new insights into the bio-
logical processes involved.
IMS requires minimal sample preparation for analysis. Thin

sections of tissue samples (typically, 5–10 �m thick) are
obtained from frozen or formalin-fixed paraffin-embedded
(FFPE) tissue blocks and collected on conductive MALDI tar-
gets. Amatrix compound (typically, a small organic acid as well
as a proteolytic enzyme when necessary) is applied to the sur-
face of the tissue sample. Mass spectra are subsequently col-

lected by firing a laser in an ordered pattern of thousands of
ablated spots on the tissue section, and a discrete spectrum is
collected from each location on the sample. Each ablated spot is
analogous to a pixel in a digital photograph. Each pixel (spec-
trum) containsmany analytes that can be individually displayed
as a function of their position and relative intensity within the
tissue section. In this way, hundreds of images from specific
molecular species can be generated simultaneously from a sin-
gle tissue section without prior knowledge of their identities.
Specific reagents such as antibodies are not needed. Alterna-
tively, IMS can be carried out in a profiling mode in which only
relatively small selected areas from each tissue section are tar-
geted for analysis. A stained serial section is typically used to
guide the analysis. The sample preparation and analysis process
of fresh-frozen and FFPE tissues are summarized in Fig. 1.
IMS can be very high-throughput in nature. Often, 10–20

tissue sections can be collected on a single target plate and
analyzed concurrently.With currently available high repetition
rate lasers (1 kHz or greater), the entire target plate can be
analyzed in amatter of a fewminutes to a few hours, depending
on the desired spatial resolution. It has recently been shown
that, through the use of a 5 kHz laser and continuous laser
raster, a rat brainmeasuring 185mm2 can be imaged at 100�m
resolution in �10 min (1). Commercial lasers are capable of
achieving spot diameters on tissue of tens of microns. Never-
theless, the spatial resolution used in a given image analysis is
dependent primarily on the biological question of interest.
High-resolution spatial analysis necessarily leads to quite large
data files and increases analysis times, unnecessary attributes if
only a low-resolution question is being asked.
Mass resolution is also an important factor for IMS. TOF

mass analyzers, commonly used for IMS, routinely have a
resolving power on tissue of 1 part in 10,000. If higher mass
resolution and mass accuracy are necessary such as for lipids
and small metabolites, a Fourier transform ion cyclotron reso-
nance or an orbitrap mass spectrometer can be used, which are
capable of�1 ppmmass accuracy andmass resolution (m/�m)
of �1,000,000. These instruments allow for accurate determi-
nation of elemental composition as well as base-line separation
of analytes differing in mass by �0.01 Da for low-molecular-
mass species.
Although the applications of IMS are multifold, here we will

briefly discuss four common types of molecular analysis ame-
nable to this technology. This article is not intended to be a
review of the field of IMS but rather is a perspective on the
current status of MALDI-IMS.

Protein Analysis

Protein IMS requires relatively simple sample preparation in
that no prior knowledge of the proteins in the sample or spe-
cialized reagents are need. A section of a frozen tissue block is
collected onto a conductive MALDI target. A serial section is
usually collected at this time for histological analysis. The sec-
tion for MS analysis is fixed in graded alcohol to remove lipids
and biological salt, thereby enhancing signal quality (2). The

* This work was supported, in whole or in part, by National Institutes of Health
Grant 5R01 GM58008 from NIGMS. This work was also supported by United
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analysis of proteins can be approached in two different ways:
whole section imaging and histology-directed profiling.
In the imaging mode, a matrix is applied uniformly over the

entire tissue section using either a robotic reagent spotter (3) or
a spray nebulization device (4). Spectra are acquired from a
defined pattern by moving the sample target plate beneath a
fixed laser, and spectra are collected. Each ion within the spec-
trum can then be viewed for its spatial distribution and relative
intensity across the entire section. Molecular correlations with
spatial distinctions can be clearly observed and compared in
normal and diseased tissues (5, 6).
In the profilingmode, spectra are acquired only fromdistinct

locations within the section, usually carried out in a histology-
directed manner (7). Briefly, two serial sections of a tissue sam-
ple are collected: one on aMALDI target and one on a standard

microscope slide for histological staining. A digital photomi-
crograph of the stained section is taken and is then reviewed by
a biologist or pathologist. The areas of interest are annotated
for analysis, and individual cell types of interest aremarkedwith
a color-coded circle (which is typically 100–200 �m in diame-
ter). The resulting selective image is then superimposed on an
image of the unstained section, and the coordinates of the
annotations are determined and transferred to a robotic spot-
ter. A matrix is deposited at the desired location, and mass
spectra are acquired. For protein analysis, spectra are generally
acquired in the linear positive ion mode on a TOF mass spec-
trometer. This allows for high sensitivity over a relatively broad
mass range. Histology-directed profiling is very conducive to
high-throughput analysis and biostatistical evaluation for
determination of proteins that discriminate disease states.
Imaging and profiling of proteins have been applied to a wide

variety of tissues and diseases, including brain (8, 9), breast
(10–12), gastric (13), lung (14), kidney (5), and prostate (15)
cancer; embryonic development (16); inflammatory bowel dis-
eases (17); and Alzheimer disease (18). Several of these studies
are described in some detail below.
A recent study employing IMS technology examined 106 gas-

tric biopsy samples from 63 cancer patients and 43 healthy vol-
unteers to determine a molecular signature of gastric cancer
(13). A histology-directed protein profiling approach was used
to target areas enriched (�75%) in either carcinoma or normal
epithelial cells. The samples were split into a training set (31
cancer and 21 normal) and a testing set (32 cancer and 22 nor-
mal). A support vector machine algorithm was applied to the
training set to determine a classifier composed of 73 signals that
produced a cross-validation accuracy of 96.6%. When applied
to the independent validation set, the classification resulted in a
sensitivity of 93.8% and a specificity of 95.5%. Several of the
proteins that were part of the classifier were identified through
traditional proteomic approaches. These included �-defen-
sin-1 and�-defensin-2 (m/z 3439 and 3368), calgranulinA (m/z
10840), and two forms of calgranulin B (m/z 13158 and 12694)
that exhibited higher expression in the tumor samples, as well
as lysozyme C (m/z 14697), a C-terminal fragment of anterior
gradient protein 2 homolog (m/z 2968), and an N-terminal
fragment of histone H2B (m/z 7767) that exhibited higher
expression in the normal samples. Proteomic expression in
these samples could also be correlated with disease stage,
with 17 peaks differentiating stage Ia from stage Ib and
higher. These findings can potentially be used to differenti-
ate gastric cancer patients who are candidates for surgical
intervention (aggressive disease) and those who can be
treated nonsurgically. An additional proteomic signature
could be used to differentiate between Lauren intestinal and
diffuse types of gastric cancer.
Another report utilized IMS for the analysis and classifica-

tion of myxoid sarcomas (19). In this study, a total of 20 myxo-
fibrosarcomas (MFS) and 20 myxoid liposarcomas (MLS) were
analyzed. Each type of tumor was further histologically subdi-
vided into 10 high-grade and 10 low-grade cases. Spectra from
histologically relevant areas were extracted and subjected to
statistical analysis using ClinProTools software. Principal com-
ponent analysis showed separation of high-grade tumors from

FIGURE 1. Schematic outline of a typical workflow for tissue samples.
Sample pretreatment steps include cutting and mounting the tissue section
on a conductive target as well as paraffin removal and antigen retrieval for
FFPE sections. A frozen serial section or the FFPE section to be analyzed is
stained, a digital image is taken, and areas of interest are selected by a pathol-
ogist. Trypsin and/or matrix is applied to the tissue section, and mass spectra
are generated at each x,y coordinate. IHC, immunohistochemistry.
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low-grade tumors when using the first two principal compo-
nents but not a distinction between MFS and MLS. The four
different sample types could be distinguished from each other
when using the second and third principal components, indi-
cating that there is a greater difference between grades of
tumors than between types. From the imaging experiments,
specific m/z values were found that were unique to each
diagnosis: m/z 4320 was found only in low-grade MFS, m/z
6639 only in high-grade MFS, m/z 5592 only in low-grade
MLS, and m/z 11483 only in high-grade MLS. Proteins that
could specifically discriminate between low- and high-grade
sarcomas included calgizzarin, calcyclin, and histones H2A,
H2B, H3, and H4 (previously identified in Ref. 20). A support
vector machine classification algorithm was built from the
data from the high- and low-grade MFS samples and applied
to a set of five histologically diagnosed intermediate-grade
MFS samples. Class imaging showed that these samples con-
tained separate nodules of low and high grade-like mass
spectral profiles. Hierarchical clustering of all spectra
showed separate branches for high- and low-grade MFS

samples, with a subset of intermediate-grade spectra cluster-
ing as subbranches on the high- and low-grade arms. These
samples contained separate foci of different grades (high and
low) as determined by molecular analysis as opposed to a
true “intermediate” grade of samples.
An emerging application of IMS is three-dimensional

analysis of organ structures (21, 22) and co-registration of
MS data with other three-dimensional imaging modalities
such as magnetic resonance imaging (MRI) (23) and CAT
scans. IMS allows the determination of molecular changes
within or surrounding a tumor or other structure. These
studies have allowed a more in-depth picture of the biologi-
cal disease process and provide molecular information for
spatial correlation to non-invasive three-dimensional imag-
ing modalities such as MRI. Fig. 2 shows an example of this
type of correlation: the brown data plane (A) is the (optical)
block face image acquired during sectioning, the black back-
ground plane (B) shown perpendicular to the block face is a
single image from theMRI scan, and the blue/green image (C
and D) superimposed on the magnetic resonance image is

FIGURE 2. Three-dimensional IMS and co-registration. A, block face imaging of a rat head. Sections were collected axially but can be viewed in any
orientation such as the sagittal view shown here. B, block face image (sagittal) co-registered with the T2 magnetic resonance image (axial). Brain
structure, including the corpus callosum and a tumor, can be observed in the MRI data. C, MS data for a tumor-specific protein, astrocytic phosphopro-
tein PEA, are superimposed on the MRI data. D, three-dimensional rendered volume of the MS data (sagittal) on a single magnetic resonance plane
(axial).
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the MS image of astrocytic phosphoprotein PEA, shown as a
volume.

Peptide Analysis

The analysis of peptides by IMS has involved studies of
endogenous peptides as well as peptides produced after on-tis-
sue protease digestion. The latter has become an important
approach for the analysis of proteins in FFPE tissue specimens.
The vast majority of samples stored in tissue banks worldwide
are FFPE specimens (24), as this type of fixation is standard
practice in pathology because it allows samples to be stored at
room temperature formany years. These samples are oftenwell
documented, and furthermore, samples from rare diseases are
availablewhere fresh-frozen samples are scarce (25).Many pro-
tocols have been describedwithin recent years to attain peptide
analysis of FFPE tissue samples, usually combining heat-in-
duced antigen retrieval techniques and enzymatic digestion
(26–31). Even though only partial reversal of formalin-induced
modifications is achieved, several studies have substantiated
the potential of this approach (29). These protocols have
proven to be highly reproducible, and Fig. 3 shows selected
peptide images collected from a tissue microarray (TMA) con-
structed from normal and cancerous FFPE tissue and cell lines
on 4 different days (days 0, 17, 20, and 24) from the same TMA
block. This example shows the reproducibility of on-tissue
tryptic digestion in revealing unique molecular features from
the tissue cores of several organs and tumors and underscores
the robustness of the imaging technology over an extended
period of time, an essential aspect in the analysis of patient
tissue biopsies.
MALDI-IMS has been utilized to map the distribution of

low-molecular-mass peptides derived from the breakdown
of crystallins, the major eye lens proteins (32). To identify
peptides from the water-insoluble fraction, frozen equatori-
ally sectioned lens samples were thoroughly washed in
graded ethanol solutions to remove interfering salts, lipids,
and water-soluble proteins. Spray-coated sections from
human lenses at different ages (20–86 years) were compared
with one another at a spatial resolution of 200 �m. Peptides

were identified in lens extracts using MALDI-MS and nano-
flow LC-electrospray ionization MS/MS. In the 37-year-old
lens, the C-terminal �A3 peptides (m/z 3197, 3253, and
3390) represented the major species, whereas in the 42-year-
old lens, additional N-terminal peptides of �B-crystallins
(m/z 2187 and 2359) and �S-crystallins (m/z 2598) could be
detected in the nuclear region of the lens. A 58-year-old lens
showed an evident increase in the �B2–18 peptide (m/z 2187)
in the nuclear region and a lesser increase in the other pep-
tides. In the case of an 80-year-old, all peptides could be
found in the cortex and the nucleus. The oldest lens (age 86)
additionally showed a significant increase in the �A66–80-
H2O peptide (m/z 1848). This lens was the only one with an
age-related cataract. These findings were consistent with
previously published work (33).
The classification of subtypes of non-small cell lung cancer

was achieved by MALDI-IMS in a high-throughput manner
using FFPE TMA samples with high accuracy (29). TMA sec-
tions containing 22 squamous cell carcinoma cores from 14
different patients and 18 adenocarcinoma cores from 12 differ-
ent patients were subjected to heat-induced antigen retrieval,
on-tissue tryptic digestion, andmatrix deposition. Spectra gen-
erated from duplicate samples were highly reproducible, with
no statistically significant differences observed in peak intensi-
ties between duplicates as calculated using a t test and mini-
mum 1.6-fold intensity difference comparison for the 200most
intense signals. The correct classification of all patients could
be achieved by combining 73 peaks in a support vectormachine
algorithm-based model. Direct on-tissue identification by
MALDI-MS/MS of numerous peptides from �50 proteins was
performed. For example, three tryptic peptides (m/z 987.60,
1163.62, and 1905.99), almost exclusively expressed in squa-
mous cell carcinomas, were identified as originating from heat
shock protein �1. A selective distribution in a subset of the
squamous cell carcinoma samples could be found for a tryptic
peptide from keratin type II cytoskeletal 5 (m/z 1410.70).
Other studies on FFPE samples include the analysis of

samples from gastric cancer (34) and pancreatic adenocarci-

FIGURE 3. Reproducibility of on-tissue tryptic digestion from a TMA comprising samples from multiple different organ sites and cancers. A, a feature
at m/z 1650.0 was found only in the leiomyosarcoma samples. B, a feature at m/z 1177.7 was present only in the astrocytoma samples. Both features were
reproducible when comparing serial sections that were analyzed on 4 different days.
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noma using MALDI ion mobility IMS (31, 35). In the latter,
multiple tryptic peptides could be identified directly from
tissue sections.

Lipid Analysis

Lipids are an important target for mass spectral analysis
because they have been implicated in a variety of biological and
disease processes, including signal transduction (36), kinase
pathways (37), cancer (38, 39), Alzheimer disease (40), and
embryo implantation (41), and have been found to have differ-
ential expression in different parts of the brain (42). With
respect to MALDI-MS, dry matrix applications such as subli-
mation (43) and dry coating (44) can be employed. This pro-
vides advantages over wet application techniques in that ana-
lyte delocalization cannot occur, and higher spatial resolution
imaging can be achieved. Typically, 2,5-dihydroxybenzoic acid
(DHB) or 2,6-dihydroxyacetophenone is used as a matrix for
lipid imaging. DHB is used for positive ion mode analysis, and
2,6-dihydroxyacetophenone can be used for either positive or
negative ionmode analysis.More recently, liquid ionicmatrices
have been used in IMS experiments, combining DHB with ani-
line, pyridine, or 3-acetylpyridine (45). These combinations
have led to increased vacuum stability during imaging,
decreased total matrix volume requirements, and the ability to
work in both positive and negative ionizationmodes. However,
thesematrices have been demonstrated only viamicrospotting,
thus limiting the achievable spatial resolution to 100–200 �m.
For lipid analysis, spectra are generally collected using a reflec-
tron TOF analyzer for increased mass resolution and differen-
tiation ofmolecular species. Lipid classes such as phosphatidyl-
cholines (PCs) and sphingomyelins are observed in positive
mode, whereas classes such as phosphatidylethanolamines
(PEs), phosphatidylinositols (PIs), and phosphatidylserines
(PSs) are observed in negative mode. Lipid analyses are com-
plex because as many as 40 different lipids along with sodiated
and potassiated lipid species and lipid-matrix adducts can have
molecular masses within 1 Da of each other (LIPID MAPS).
Some of these mass overlap issues can be circumvented
through the use of a higher mass resolution mass spectrometer

such as an orbitrap or Fourier transform ion cyclotron reso-
nance mass spectrometer or through MS/MS analysis, which
can provide structural information on the composition of the
side chains (46). Additionally, the matrix can be doped with
lithium to produce lithiated ionic species, reducing the spectral
complexity and aiding in lipid fragmentation (47).However, the
exact structure of side chains (i.e. positions of unsaturations)
cannot be readily determined without further studies.
A recent study has examined the role that lipids play in the

embryo implantation process (41). Thin sections of mouse
embryos were imaged at days 4–8 post-fertilization in both
positive and negative modes. Substantial increases in expres-
sion of most phospholipids were observed in the stromal area
after implantation (day 5 and later) compared with before
implantation (day 4). Subsequent to implantation, there was a
restructuring of lipid species to either the mesometrial (vascu-
larized) pole or antimesometrial pole. On day 6, PC (16:0/18:1),
PE (16:0/18:1), and PI (18:1/20:4) were observed to increase at
the mesometrial pole, whereas higher expression of PC (18:0/
18:2) and PI (16:0/18:2) was observed at the antimesometrial
pole. By day 8, PCs, PEs, phosphatidylglycerols, and PSs (18:1)
and PIs and PEs (20:4) along with PE plasmalogen (16:0/22:4)
showed higher expression levels at the mesometrial pole, and
PCs, PIs, and PSs (18:2), PCs (20:4), and PC, PE plasmalogen,
and PI (22:6) demonstrated higher intensity at the antimesome-
trial pole. Quantitation results were validated through micro-
dissection of the embryo sections into top and bottom regions
and subjecting them to LC-MS/MS analysis. IMS results were
consistent with LC-MS/MS quantitation results. It was also
determined through MS/MS imaging that isobaric species
showed very different localization patterns (Fig. 4). For exam-
ple, PE (36:2; 18:0/18:2) was expressed throughout the embryo,
with higher expression at the antimesometrial pole (bottom) of
the implantation site, whereas PE (36:2; 18:1/18:1) was
observed only at themesometrial pole (top) of the implantation
site.
A second study looked at expression of lipids and, in partic-

ular, sulfatides (STs) in human ovarian cancer (38). In this

FIGURE 4. MS/MS lipid imaging. MS imaging of m/z 742.54 shows a ubiquitous pattern from top to bottom of the implantation site. However, MS/MS imaging
of this ion shows that it is made up of two distinct isobaric structures that have very different localization patterns. PE (36:2; 18:0/18:2) is localized to the
antimesometrial pole (lower), whereas PE (36:2; 18:1/18:1) is localized to the mesometrial pole (upper).
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study, 12 ovarian cancer samples along with 12 normal ovaries
were collected and cryopreserved. Sections were prepared
through thin sectioning and spray nebulization of 2-mercapto-
benzothiazole over the entire section. Three ions, ST d18:1/
C16:0 (m/z 778.6), d18:1/C24:1 (m/z 888.6), and d18:1/C24:0
(m/z 890.6), were observed at high expression levels in the epi-
thelial carcinoma regions but were absent from neighboring
stromal areas. Image analysis of normal ovarian tissue was neg-
ative for these three ions. Statistical analysis of extracted
regions from the IMS experiments showed significantly higher
expression of an ion at m/z 778.6, corresponding to ST d18/
C16:0 in epithelial carcinoma compared with stromal areas.
Two different stroma regions had ion intensities of 153 � 34
and 204 � 44, whereas, the carcinoma region had an ion inten-
sity of 507 � 135 (p � 0.0016 and 0.0066, respectively, versus
the two stromal regions). ST identification was confirmed
through extraction of lipids from the tissues and analysis by
LC-MS/MS bymultiple reactionmonitoring. ST species can be
confirmed by precursor scans form/z 96.9, which corresponds
to HSO4 in the negative ionization mode.

Drug Analysis

Data on drug absorption, distribution, metabolism, and
excretion are critical to the development process. MALDI-IMS
has been used in pharmaceutical research to provide informa-
tion on the distribution and metabolism of drugs within tar-
geted organ sections, including whole body tissue sections (48,
49). Drug analyses are performed using MS/MS to monitor the
drug itself using structure-specific fragments, increasing the
sensitivity and providing identification with high confidence.
To accomplish the analysis in a high-throughput manner, sin-
gle or multiple reaction monitoring can be utilized to monitor
the structure-related composition of the drug (precursor or
parent ion) in the mass spectrometer to form one (single reac-
tion monitoring) or multiple (multiple reaction monitoring)
specific fragment ions (50, 51). Compared with whole body
autoradioluminography, a traditional method to study the spa-
tial distribution of drug candidates in tissue, MALDI-IMS has
two advantages: it does not require radiolabeling of the drug of
interest and can distinguish between the parent drug and its
metabolites (49, 52, 53). Other commonly used methods in
drug analysis such as LC-MS require tissue homogenization
and therefore preclude the acquisition of high-resolution spa-
tial and histological information (54, 55).
Tissue handling and sample pretreatment steps in drug anal-

ysis vary from those commonly implemented in protein analy-
sis in that washing steps should be avoided because they can
degrade or compromise the level of the drug in the tissue.
Because most drugs have a molecular mass below 1000 Da, the
matrix should be carefully selected to avoid interferences from
spectral noise generated from the matrix (56).
Recently, investigators studied the correlation of skin

blanching and percutaneous absorption of glucocorticoid re-
ceptor (GR) agonists to assess their potency and clinical anti-
inflammatory efficacy (57). MALDI-IMS was utilized to
directly analyze the distribution of threeGR agonists in porcine
skin tissue. Pig ear samples (�2 cm2)were placed in Petri dishes
and incubated with a mixture of all three compounds together

for 16 h. Images were acquired by monitoring a selected frag-
ment of each GR agonist in MS/MS mode across the tissue
sections (spatial resolution of 200 �m) at 0- and 16-h time
points after incubation. The results showed that the arylpyra-
zole penetrated through the epidermis layer into the dermis,
whereas the arylpyrazolopyrimidine showed only some pene-
tration and the arylindazole only limited penetration into the
dermis. None of the three compounds could be detected in the
adjacent connective tissue. These results were in accordance
with those obtained from skin blanching responses wherein
the arylpyrazole showed the greatest response, peaking 2–3 h
after dressing removal.
In another study, investigators tracked and quantified the

distribution of tiotropium bromide (TTP) within the lungs of
dosed rats (58). An inhaled bronchodilator, TTP is used for the
treatment of asthma and chronic obstructive pulmonary dis-
ease. Rats were dosed for 15 min in a two-stage flow-past inha-
lation chamber (total delivered lung dose of 50�g) and killed 15
min after administration. The distribution of TTP within the
lung tissue was analyzed by MALDI-IMS in both MS and
MS/MSmodes (spatial resolution of 200 �m). Parent and frag-
ment ion signals from serial sections correlated well and
revealed the drug to be present in the alveolar beds in the upper
and lower parenchyma. Utilizing a linear regression concentra-
tion curve obtained from drug standards spotted on lung tissue
sections, the amount of TTP within areas of tissue sections
from dosed animals was calculated. Those results were in
accordance with results from quantification analysis of tissue
extracts by LC-MS/MS.
The localization of oxaliplatin and its derivatives in heated

intraoperative chemotherapy-like treated rat kidneys was
recently analyzed using MALDI-IMS (59). Oxaliplatin was
detectable down to 0.23 � 0.05 mg of total oxaliplatin/g of
tissue in 15-�m-thick tissue sections. In the kidney, oxalip-
latin and its derivatives were present in the cortex, whereas
in the medulla, little or no drug penetration was detected by
MALDI-IMS. Similarly, the distribution of a small-molecule
EGF receptor inhibitor (erlotinib) and its metabolites was
analyzed by MALDI-IMS in tissue sections from rat liver,
spleen, and muscle (60). After oral administration of the
drug, the highest concentrations of the drug and its major
metabolite were found in the liver. Comparing the direct
quantitative analysis of the drug by MALDI-MS and LC-
MS/MS on tissue homogenates gave similar results for the
liver and spleen.

Limitations

Although limitations have been noted throughout this mini-
review, they fall mainly in the area of detection limits due to the
difficulty in desorbing higher molecular mass analytes (more
than �30 kDa) and to ion interference/suppression effects
experienced with some samples. Image resolution has im-
proved markedly, so 20 �m spatial resolution can be achieved
with many commercial instruments. Similarly, the speed of
imaging has now improved, so an image that required many
hours to acquire can now be obtained in minutes (1).
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Perspectives

MALDI-IMS has been shown to be of significant benefit in
the analysis of tissue specimens for monitoring changes in pro-
teins, peptides, lipids, and drugs. Recent technological develop-
ments have allowed the analysis of FFPE tissues, providing a
new source of samples that will greatly expand the number and
types of samples that can be analyzed byMS. The use of human
as well as animal samples will provide considerable insight into
many disease and biological processes. As the technology
advances, the applications of IMS in the clinic will continue to
expand, enabling it to play a central role in the diagnosis and
prognosis of disease and in the evaluation of patient therapy.
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In mammalian cells, multiple cellular processes, including
gene silencing, cell growth and differentiation, pluripotency,
neoplastic transformation, apoptosis, DNA repair, and mainte-
nance of genomic integrity, converge on the evolutionarily con-
served protein KAP1, which is thought to regulate the dynamic
organization of chromatin structure via its ability to influence
epigenetic patterns and chromatin compaction. In this minire-
view, we discuss how KAP1 might execute such pleiotropic
effects, focusing on genomic targeting mechanisms, protein-
protein interactions, specific post-translational modifications
of both KAP1 and associated histones, and transcriptome anal-
yses of cells deficient in KAP1.

Several independent studies in 1996 identified KAP1 as an
interaction partner of members of the family of KRAB (Krüp-
pel-associated box) domain-containing zinc finger transcrip-
tion factors, variously naming the protein KAP1 (KRAB-
associated protein 1), KRIP1 (KRAB-A-interacting protein 1),
transcription intermediary factor (TIF)2 1�, or TRIM28 (tripar-
tite motif-containing protein 28) (1–4). KAP1 is a member of a
family of �60 human TRIM genes (5) and is highly related to
three other TRIM proteins, TIF1�, TIF1�, and TIF1� (Fig. 1).
Although the TIF1 subfamily shares many structural features,
there is a high degree of specificity for homo-oligomerization
and little functional overlap between TIF1 family members (6).
For example, TIF1�, but not the other relatedTRIMproteins, is
a ligand-dependent co-regulator for nuclear hormone recep-
tors, and TIF1�, but not other family members, plays a role in
signaling by transforming growth factor and in hematopoiesis
(7–9). Expression patterns of the TIF1 family members also
differ. Studied only in mice to date, TIF1� is restricted to the
testis during the elongating spermatid stage (10), TIF1� is pref-
erentially expressed in the central and peripheral nervous sys-
tems early in development (11), and KAP1 is ubiquitously
expressed throughout development (12).

KAP1 is a critical regulator of normal development and dif-
ferentiation (see TRIM28 in the Transcription Factor Encyclo-
pedia Database); mice deficient in KAP1 die prior to gastrula-
tion (12), whereas mice with KAP1 specifically deleted in the
adult forebrain exhibit heightened levels of anxiety and stress-
induced alterations in learning and memory (14). KAP1 is also
involved in maintaining pluripotency (15), is required for ter-
minal differentiation of mouse embryonic stem cells (16, 17),
and has been associated with promoting and inhibiting differ-
entiation of different adult cell types. For example, KAP1 antag-
onizes erythroid differentiation (18) but promotes differentia-
tion of U937 cells into macrophages (19). Several studies have
also implicated KAP1 in tumor development. KAP1 protein
levels are increased in liver, gastric, lung, breast, and prostate
cancer, and gastric cancer patients with high levels of KAP1
show a significantly lower survival rate (see TRIM28 in The
HumanProteinAtlasDatabase) (20, 21, 23). Reduction ofKAP1
in gastric cancer cells causes impairment in cell growth with an
accumulation of cells in the G1 phase of the cell cycle, and
reduction of KAP1 in cells exposed to radiation increases p53
levels, suggesting that KAP1 may promote neoplastic transfor-
mation via suppression of apoptosis (24). Such studies have led
to the proposal that anti-KAP1 drugs should be developed for
anticancer therapy (25). Clearly, KAP1 plays a critical role in
proliferation and differentiation of both normal and tumor
cells. Presented below is a summary of how studies to date in
part support current models of KAP1 function. In addition, we
discuss findings that suggest that certain aspects of the current
model should be reconsidered.

KAP1 Protein Structure

All TIF1 family members have a similar overall architecture
that includes an N-terminal tripartite motif (TRIM), which is a
protein-protein and oligomerization interface containing an
RBCC (Ring (really interesting new gene) finger, twoB-box zinc
fingers, and a coiled coil) domain, a central TIF1 signature
sequence (TSS) domain consisting of a 25-amino acid trypto-
phan- and phenylalanine-rich sequence, and aC-terminal com-
bination plant homeodomain (PHD) and bromodomain (1, 8).
However, only KAP1, TIF1�, and TIF1� share a central HP1
(heterochromatin protein 1)-binding domain (Fig. 1). Experi-
ments performed over the last 15 years have shown that KAP1
is highly modular in structure, with separate domains mediat-
ing nuclear localization, interaction with transcription factors,
oligomerization, and regulation of transcription (26).
The N terminus of KAP1 contains the RBCC domain, a high

affinity protein interaction domain stretching fromamino acids
20 to 377. The RBCC domain is necessary and sufficient for
interaction of KAP1 with the KRAB repression module of
KRAB-ZNFs; all three RBCC subdomains contribute to inter-
action with KRABmodules (6). Although all TIF1 family mem-
bers contain an RBCC domain, only KAP1 can bind to the
KRAB repression modules of KRAB-ZNFs (6). A number of
biochemical and biophysical experiments have revealed that
the KAP1 RBCC domain binds as a homotrimer to a single
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KRAB domain. This oligomerization promotes folding of the
KRAB domain and encapsulates it in a protease-resistant core
(27). The Ring subdomain is a double zinc-binding C3HC4
motif found in �200 proteins that are components of macro-
molecular complexes with diverse functions in oncogenesis,
RNA transport, cell cycle, ubiquitination, and signal transduc-
tion (28). The B-box is a cysteine-rich zinc-bindingmotif of the
form CHC3H2 and, together with the coiled-coil domain, pro-
vides an extended hydrophobic �-helical region that presents a
strong interface for protein-protein interactions (27). Adjacent
to the RBCC is the TSS domain; deletion of this domain abro-
gates transcriptional repression mediated by TIF1� (8).
The central region of KAP1 includes the HP1-binding do-

main, which is a hydrophobic PxVxL pentapeptide located
between amino acids 486 and 497 (29). The interaction of KAP1
with the chromoshadow domain of HP1 family members is
required for repression of reporter genes (30), discussed in
greater detail below. Immunofluorescence studies show that
the majority of KAP1 has the same staining pattern as HP1�,
which is present throughout the nucleoplasm but excluded
from nucleoli. A small percentage of KAP1 is concentrated into
dot-like structures that are regions of pericentric heterochro-
matin, and an even smaller percentage is found in heterochro-
matic foci and nucleoli in regions co-occupied by HP1�. These
studies are consistent with multiple roles for KAP1-HP1 com-
plexes in silencing euchromatic and pericentric heterochro-
matic regions (26). The remaining central region of KAP1 is
least conserved among all of the TIF1 family members and is
rich in prolines, glycines, and serines. Nowell defined structure
has been assigned to this domain; rather, the entire central
region of KAP1 is in a highly extended and flexible conforma-
tion (29). Perhaps this region provides KAP1 with the adapta-
bility needed for interaction with a multitude of protein
complexes.

The C-terminal tandem PHD and bromodomain (called the
PB domain) of KAP1 lie between amino acids 618 and 835 and
function as a highly cooperative unit for transcriptional repres-
sion, with both domains being required to obtain maximum
levels of repression (31). The PHD finger of KAP1 is a 60-amino
acid domain with a C4HC3 arrangement consisting of two zinc
atoms cross-braced between antiparallel �-sheets. The bro-
modomain of KAP1 is a 100-amino acid stretch consisting of
four helices bundled in a unique left-turn topology (32). Typi-
cally, bromodomains are found in transcriptional activators
and are involved in the recognition of acetylated histone tails
(33). Similar to other bromodomain-containing proteins, the
bromodomain of KAP1 has a conserved hydrophobic core and
recognizes the backbone of histone tails. However, unlike the
other proteins, KAP1 has lost its ability to contact acetyllysine
residues (31). The PB domain of KAP1 can also interact with
two chromatin-modifying enzymes: Mi2�, an isoform of the
Mi2 protein found in the NuRD (nucleosome remodeling and
histone deacetylation) complex, and SETDB1 (SET domain,
bifurcated 1), an H3K9me3-specific histone methyltransferase.
Because the addition of an inhibitor of histone deacetylases
(HDACs) only partially relieves KAP1-mediated repression of
reporter genes and because only a small fraction of KAP1 stably
associates with Mi2� in vivo, it is thought that Mi2� may play
only a minor role in KAP1-mediated repression (31, 34). In
contrast, trimethylation of histone H3 at Lys-9 by SETDB1 cre-
ates high affinity genomic binding sites for theKAP1-HP1 com-
plex (because of the ability of HP1 to bind to H3K9me3). This,
along with the observation that KAP1 and SETDB1 colocalize
at thousands of genomic sites in the human genome (35), sug-
gests that SETDB1 may play an important role in KAP1-medi-
ated repression.
The interdependence of the PHD and bromodomain of

KAP1 for optimum repression has been recently explained by

FIGURE 1. Schematics of the human KAP1 protein (also called TIF1� and TRIM28) and other related proteins, including TIF1�/TRIM24, TIF1�/TRIM33,
and TIF1�/TRIM66. The overall sequence identity between KAP1 and the other proteins is shown next to the C termini of the other proteins; the percentage
sequence identity of the other proteins to the KAP1 protein in the RBCC domain and in the C-terminal PB domain is also shown. The TSS domain, the HP1 box,
a domain that has been shown to bind nuclear receptors (NR Box), and a nuclear localization sequence (NLS) domain are also indicated. h, human; m, mouse.
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the elucidation of the individual functions of each subdomain.
The bromodomain of KAP1 is the essential interface for medi-
ating interactions with SETDB1, and this interaction occurs in
a sumoylation-dependent manner at lysines 554, 575, 676, 750,
779, and 804 of KAP1 (36). Sumoylation of these KAP1 residues
also stimulates the histone methyltransferase activity of
SETDB1 bound to KAP1 (37). Thus, sumoylated KAP1 is the
highly repressive form of KAP1 (37). The PHD of KAP1 con-
tributes by functioning as an intramolecular E3 ligase that
sumoylates the adjacent KAP1 bromodomain (37). Thus, the
PHD-mediated sumoylation of the KAP1 bromodomain, fol-
lowed by interaction of SETDB1 with the sumoylated bro-
modomain, provides a mechanistic basis for the cooperative
function of the KAP1 PB domain (36).

Recruitment of KAP1 to the Genome

The biochemical studies described above suggest that KAP1
can coordinate the assembly of a macromolecular complex
containing chromatin-remodeling proteins such as Mi2�,
SETDB1, and HP1 to create an epigenetically stable and herita-
ble heterochromaticmicroenvironment (38, 39). However, nei-
ther KAP1 nor any of the above-mentioned interaction part-
ners have DNA-binding domains (DBDs). Therefore, other
protein partners are required to recruit KAP1 to the genome.
KAP1 was originally identified as an interaction partner of two
different C2H2 zinc finger proteins, KOX1 and KID-1. C2H2
zinc finger proteins are the largest class of DNA-binding tran-
scription factors encoded in the human genome; about half
contain an N-terminal KRAB domain, which interacts with the
RBCC domain of KAP1 (40). There are �400 human KRAB-
ZNF genes encoding transcripts for 742 different proteins (41).
KRAB-ZNFs are postulated to regulate diverse processes such
as embryonic development, tissue-specific gene expression,
and cancer progression (42). Comparative genomic analyses
indicate that the KRAB-ZNF gene family is specific to tetrapod
vertebrates, with the repertoire of KRAB-ZNFs differing signif-
icantly between species, suggesting that members of this family
have evolved to perform species-specific transcriptional regu-
lation; 136 KRAB-ZNFs are primate-specific and may be
involved in regulation of the immune and nervous systems (43).
The C-terminal regions of KRAB-ZNFs contain tandemly
arranged arrays of C2H2 zinc finger modules, comprising from
a few to �30 fingers. Individual fingers, each of which can rec-
ognize 3 nucleotides of DNA, are separated from each other by
a highly conserved linker sequence (44). KRAB-ZNF genes are
frequently found in clusters in the humangenome, having evolved
throughduplication anddeletionof their zinc finger domains (45).
The family of KRAB-ZNF genes has a modest degree of overall
coexpression in the human body (46), possibly because the entire
family is expressed at low levels in most cells. However, certain
family members are highly expressed in several cell types.3
The ability of specific KRAB-ZNFs to bind to the RBCC

domain of KAP1 has been studiedmainly using artificial assays.
Using a mammalian two-hybrid system, the RBCC domain of
KAP1 was tested for interaction with KRAB domains from 61
different KRAB-ZNFs (48). The majority of these KRAB-ZNFs

could bind KAP1 and were dependent on this interaction for
their transcription-repressive abilities. One of the tested
KRAB-ZNFs was KOX1. The KRAB domain of KOX1, which
was initially used to purify KAP1, is often used as a positive
control for KAP1 protein interactions and when testing KAP1-
mediated repression (1, 2, 35, 49–51). Interestingly, when full-
length KOX1 was tested for its ability to bind endogenous
KAP1, it showed a much weaker interaction than was previ-
ously observed in vitro, suggesting that, although the KRAB
domains of many KRAB-ZNFs are capable of binding KAP1 in
vitro, this does not necessarily indicate that the KRAB-ZNF is a
major KAP1 interaction partner in the cell (48). KAP1 can also
interact with KRABdomains that are not associatedwith zinc fin-
ger domains. For example, the KRAB-O (KRAB only) protein
serves as a bridge between the DNA-binding protein SRY (sex-
determiningregionY)andKAP1, recruitingKAP1toSRY-binding
sites (52, 53). Similarly, others have identified a protein called
VHLaK (pVHL-associated KRAB-A domain-containing protein),
which serves as a bridge between KAP1 and the von Hippel-
Lindau tumor suppressor protein (54). Interestingly, both
KRAB-O and VHLaK are alternatively spliced versions of KRAB-
ZNF genes that produce proteins containing the KRAB domain
but lacking the DNA-binding zinc fingers. In certain cell types,
KAP1 has also been shown to associate with the transcription fac-
torsMM1,E2F1,MDM2,STAT(signal transducers andactivators
of transcription) family members, HNRNPAB, TEL/ETV6,
CCAAT/enhancer-binding protein �, and NGFI, and through
these interactions,KAP1 takespart innumerousprocesses suchas
intestinalhomeostasis, epithelial-mesenchymal transition, andthe
immediate-early stress response (18, 19, 24, 55–59).
To determine which, if any, of the KRAB-ZNFs and/or other

DNA-binding proteins recruit KAP1 to the genome, KAP1-
binding sites were identified using ChIP, followed by microar-
rays (ChIP-chip) or by sequencing (ChIP-seq), which allows the
identification of binding sites for a protein to be identified on a
genome-wide scale (60–62). More than 7000 binding sites for
KAP1 were identified in NTera2 cells by performing whole
genome ChIP-chip experiments (63). Subsequently, using a
combination of ChIP-chip and ChIP-seq, KAP1 targets were
identified in numerous normal and tumor cells. In all cell types,
KAP1 displays a unique genomic localization pattern (Fig. 2A).
The strongest KAP1-binding sites are the 3�-coding exons of
ZNF genes, whereas the other KAP1-binding sites are either
near transcription start sites or in intragenic regions. To deter-
mine whether KRAB-ZNFs are involved in recruitment of
KAP1 to the target sites, ChIP-seq experimentswere performed
using a series of mutant KAP1 proteins. These studies showed
that KAP1 deleted for the RBCC domain was no longer
recruited to the 3�-coding exons of ZNF genes, thus providing
strong in vivo support for KRAB-ZNF-mediated recruitment of
KAP1 (64). Further studies revealed that ZNF274 colocalizes
with KAP1 at 3�-coding exons of ZNF genes (35). It has not yet
been possible to demonstrate that other KRAB-ZNFs that show
positive in vitro interactions with KAP1 bind to KAP1 genomic
sites.4 However, the association of KAP1 with specific KRAB-

3 V. X. Jin and P. J. Farnham, unpublished data. 4 S. Iyengar, S. Frietze, and P. J. Farnham, unpublished data.
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ZNFs may be highly cell type-specific. Interestingly, KAP1
deleted for the RBCC domain can still bind to promoter
regions, indicating that KAP1 is recruited to these sites by a
novelmechanism independent of aKRAB-ZNF.Thus, there are
at least two mechanisms (Fig. 2B) for recruiting KAP1 to the
genome, one involving KRAB-ZNFs and one involving other

DNA-binding proteins (64). Although the factor that recruits
KAP1 to promoters has not yet been identified, mutational
analyses suggest that KAP1 may be recruited to promoter tar-
gets through protein-protein interactions that occur in the cen-
tral domain stretching from amino acids 380 to 618 but outside
of the HP1 box (64).

FIGURE 2. Recruitment of KAP1 to the genome. A, shown is the KAP1 ChIP-seq binding pattern and position of the C2H2 ZNF genes for chromosome (Chr) 19
in HEK293 cells. A similar pattern has been observed in numerous cell types. B, shown is KAP1 binding at the 5�- and 3�-ends of two ZNF genes. (The genes are
transcribed in the opposite direction, as indicated by the arrowheads.) Under the ZNF790 gene is a model illustrating recruitment of KAP1 and associated
proteins to 3�-coding exons of ZNF genes. This recruitment is dependent upon interaction of the RBCC domain of KAP1 with a KRAB-ZNF that is bound to its
recognition motif (indicated as TFBS); 3 molecules of KAP1 interact with a KRAB-ZNF. The PHD domain sumoylates the bromodomain, leading to recruitment
of SETDB1 and Mi2� and creation of the H3K9me3 mark on nearby nucleosomes. HP1 can bind to KAP1 at the PxVxL motif and also to H3K9me3, stabilizing the
bound KAP1-containing complex. Under the ZFN345 gene is a model illustrating recruitment of KAP1 to promoters. This recruitment is dependent upon
interaction of KAP1 with a non-KRAB-ZNF DNA-binding protein (indicated by ? TF) that has a KAP1-interacting domain (KID) and a DBD. KAP1 interacts with this
non-KRAB-ZNF DNA-binding protein via a region of KAP1 near the HP1-binding domain (HP1BD). KAP1 bound to cellular promoters does not recruit SETDB1 or result
in H3K9me3. See text for details.
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Role of KAP1 in Transcriptional Regulation

The genomic recruitment studies of KAP1 have not ad-
dressed the functional consequences of KAP1 binding. As
described above, KAP1 can interact with HDAC and histone
methyltransferase complexes, and it has been suggested that
KAP1 regulates transcription via changes in histone modifica-
tions at specific target sites. In support of this hypothesis, a
recent genome-wide study showed that ZNF 3�-ends that are
bound by KAP1 are also bound by SETDB1 and marked by
H3K9me3 (35, 64). Also, reporter-promoters bound by induc-
ible KRAB fusion proteins have H3K9me3 (39, 66). Therefore,
both when KAP1 is artificially brought to promoters that have
been engineered to bind many copies of a KRAB fusion protein
and when KAP1 localizes under normal physiological condi-
tions to the 3�-ends of ZNF genes, it recruits SETDB1, which
trimethylates histoneH3 at Lys-9. It has beenproposed that this
creates a localized alteration in chromatin structure and/or
relocalizes the target regions to domains of heterochromatin
(38, 64). Based on these studies, it is reasonable to propose that
KAP1 functions as a transcriptional repressor.
Most of the evidence supporting a role for KAP1 as a tran-

scriptional regulator comes from experiments in which an iso-
lated KRAB domain has been fused to a DBD of another tran-
scription factor. For example, theKOX1KRABdomain fused to
the PAX3DBDcan recruit KAP1 and repress a stably integrated
PAX3 site-containing promoter, and a Gal4-KRAB fusion pro-
tein can repress the activity of a reporter-promoter with five
Gal4 sites (34, 39). Others have used inducible KRAB fusion
proteins to demonstrate KAP1-mediated repression (38, 66,
67). Studies of mutant KRAB domains also provide support for
a role for KAP1 in repression; substitution mutations in the
KRAB domain of various KRAB-ZNFs at two highly conserved
residues that are critical for interaction with KAP1 result in
diminished repression activity (1, 49, 68, 69). Additionally,
KAP1 can repress transcription of reporter genes when directly
tethered to DNA as a Gal4-KAP1 fusion protein (39). All of
these studies reinforce the idea that KRAB-ZNFs mediate
repression in a KAP1-dependent manner, which leads to the
creation of a heterochromatic epigenetic profile at the targeted
locus (Fig. 3A). KAP1 has also been associated with transcrip-
tional activation; using reporter-promoter assays, KAP1 was
shown to function as a coactivator for NGFI-B and CCAAT/
enhancer-binding protein � (19, 55, 58). The mechanisms by
which KAP1 can activate transcription are not known, but
perhaps KAP1-associated HDACs and histone methylases
function to modify and release repressor proteins bound to the
target promoters.
The artificial recruitment experiments clearly demonstrate

that KAP1 can influence transcriptional activity in reporter
assays. However, whether KAP1 regulates the expression of
endogenous cellular genes is less clear.Most cellular promoters
bound by KAP1 are not bound by SETDB1 or H3K9me3 (46,
64). However, KAP1 may use alternative methods, perhaps
changes in histone acetylation (30), to regulate transcription at
cellular promoters. For example, two complexes, one contain-
ing KAP1, MM1, and Myc and another containing KAP1 and
ZNF160, have been shown to repress transcription from cellu-

lar promoters in an HDAC-dependent manner in specific cell
types (59, 70). Also, KAP1 can interactwith STAT3 (57, 71), and
reduction of KAP1 levels results in modest increases in the lev-
els of several STAT3-regulated cellular RNAs. However, the
mechanism by which KAP1 mediates these effects is not
known. No studies were performed to examine KAP1 occu-
pancy of the regulated promoters; therefore, it is not known if
KAP1 directly binds to these promoters. In fact, evidence was
presented that KAP1 influences the subnuclear localization of
STAT3, suggesting that the effects of KAP1 may have been
through protein-protein interactions that occur off the DNA.
KAP1 can also bind to the E2F1 protein, and ChIP assays
showedKAP1 and E2F1 binding at an E2F target promoter (56).
However, it was only in the presence of overexpressed proteins
that binding of KAP1 could be detected on the target promoter;
further studies in which additional promoters are analyzed are
required to address the possibility that E2F1 may recruit KAP1
to the genome. Interestingly, KAP1 seemed to increase the
interaction of E2F1 with HDAC1 and to decrease the acetyla-
tion on the E2F1 protein, suggesting that KAP1 may affect the
regulation of E2F target genes by decreasing the activity of the
E2F1 protein.
Most experiments linkingKAP1 to regulation of cellular pro-

moters have focused on a small set of genes and address the role
of KAP1 in regulating those gene transcripts. Recent ChIP-seq
experiments have identified thousands of KAP1-binding sites,
and using RNA expression arrays and RNA-seq, it is now pos-
sible to address the global effect of KAP1 on transcriptional
regulation of its target genes on a genome-wide scale. Because
the strongest KAP1-binding sites are the 3�-ends of ZNF genes,
onemight expect that KAP1would regulate expression of these
genes. Surprisingly, there is no correlation between the level of
KAP1 at a ZNF 3�-end and the expression of the ZNF gene; the
promoters of the KAP1 ZNF target genes contain the active
H3K4me3 and H3K9Ac marks, and the gene bodies are bound
by the transcriptional elongation mark of H3K36me3 (Fig. 3B)
(72). Also, there is no change in mRNA levels or splicing of
KAP1-bound ZNF genes in NTera2 cells upon reduction of
KAP1 using shRNAs (64). Thus, the presence of the KAP1-
SETDB1-H3K9me3 complex at ZNF 3�-exons does not reduce
the levels of transcripts, impede transcriptional elongation, or
alter splicing or processing of the mRNAs.5 Although some
transcripts show robust changes in expression upon KAP1
knockdown, the majority of the promoters of these genes are
not bound by KAP1, suggesting that, in this cell type, the effects
of KAP1 on the human transcriptome are mostly indirect (64).

KAP1: Guardian of the Genome

In the KAP1 knockdown experiments described above, only
a modest number of genes showed significant changes in RNA
levels upon reduction of KAP1. However, we note that KAP1
has been implicated in the repression of endogenous retrovi-
ruses (74) and in the regulation of other viruses (75, 76). Inter-
estingly, the loss of KAP1 caused increased expression of
endogenous retroviruses in mouse embryonic stem cells but
not in mouse embryonic fibroblasts, suggesting that, in certain

5 S. Iyengar and P. J. Farnham, unpublished data.
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cell types, KAP1 may not be involved in repressing retroviral
transcription or may be functionally redundant with other
repressive mechanisms. These findings, coupled with the
observations that there are thousands of KAP1-binding sites in
the genome but only few cellular genes that respond to loss of
KAP1, suggest that a major role of KAP1 may lie outside of
transcriptional regulation.
KAP1 has been suggested to regulate apoptosis in a manner

independent of its transcriptional activities. KAP1 acts cooper-
atively with MDM2, a ubiquitin E3 ligase that binds to p53 and
marks it for degradation, by recruiting HDAC1 to the MDM2-
p53 complex, leading to deacetylation and degradation of p53.
AlthoughMDM2 is the major ubiquitin ligase for p53, KAP1 is

independently capable of promoting p53 ubiquitination, sug-
gesting that it may encode or recruit a ubiquitin E3 ligase (24).
Recently, MAGE proteins, which are highly expressed in vari-
ous cancers, were shown to be cofactors in KAP1-mediated
suppression of p53 activity. MAGE proteins bind to KAP1 and
enhance formation of the KAP1-MDM2-p53 complex, leading
to suppression of p53-mediated apoptosis and promotion of
tumor cell survival (77).
KAP1 has also been implicated in DNA repair. DNA damage

such as double-strand break formation induces ATM, which
phosphorylates KAP1 (78). It has been proposed that ATM-
mediated phosphorylation of KAP1 in response to genotoxic
stress results in loss of sumoylated KAP1, leading to derepres-

FIGURE 3. Transcriptional regulation by KAP1. A, KAP1 can repress transcription when recruited to promoters by a Gal4 DBD-KRAB fusion protein. Before
binding of KAP1, the promoter is bound by RNA polymerase II (RNA Pol II) and by active chromatin marks such as H3K4me3 and H3K9Ac. Upon binding of a
fusion protein consisting of a Gal4 DBD and a KRAB domain, KAP1 and associated proteins are recruited to the promoter. This recruitment results in the loss of
RNA polymerase II, the loss of active chromatin marks, and the creation of the repressive H3K9me3 mark, leading to transcriptional repression. B, reduction of
KAP1 has little effect on the expression of endogenous ZNF genes. Under normal conditions, the promoters of ZNF genes are covered by active chromatin
marks (H3K9Ac and H3K4me3), and the exons are covered by the transcriptional elongation mark H3K36me3, even though the 3�-coding exons are bound by
KAP1, SETDB1, and H3K9me3. Thus, KAP1 target genes are covered by both active and repressed marks, and the genes are transcribed. Both the promoters and
3�-exons of ZNF genes retain their normal epigenetic profile after removal of KAP1 by shRNA. See text for details. DBS, DNA-binding site.
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FIGURE 4. Model for KAP1 involvement in DNA repair. Under normal conditions, sumoylated KAP1 is recruited to the genome via KRAB-ZNFs, resulting in
H3K9me3 at nearby nucleosomes. Upon DNA damage (indicated by the double zigzag), there is a switch between the sumoylated and phosphorylated forms
of KAP1 (mediated by ATM) and a rapid localization of phosphorylated KAP1 to DNA damage foci, where it may facilitate a local decondensation of chromatin,
as indicated by the acetylation of His-3 and His-4 and the presence of H2AX, allowing access of DNA repair proteins such as 53BP1 and BRCA1. A return to the
sumoylated form of KAP1 mediated by PP1� may assist in re-forming condensed chromatin after the DNA is repaired. See text for details. DSB, double-strand
break.
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sion of KAP1 target genes involved in promoting cell cycle
arrest and apoptosis (79). The KRAB-ZNF ZBRK1 has been
shown to repress the GADD45 (growth arrest and DNA
damage clone 45) gene in a KAP1-dependent manner (80);
perhaps depression of such genes due to a switch from
sumoylated to phosphorylated KAP1 is critical for DNA
repair. Recent findings implicate protein phosphatase 1�
(PP1�) in the recovery of KAP1 repressive function after
DNA damage-induced phosphorylation (81). PP1� can
interact with the coiled-coil domain of KAP1 and dephos-
phorylate KAP1, promoting sumoylation of KAP1 and
return of its repressive function. Thus, KAP1 exists in a bal-
ance between a phosphorylated and a sumoylated state,
which influences its repressive abilities (79). Such studies
suggest that investigation of the role of KAP1 in regulating
the transcriptome should perhaps be repeated under DNA-
damaging conditions. However, KAP1 is also thought to
have a non-transcriptional role in regulating the DNA dam-
age response (Fig. 4). Upon DNA damage, there is a rapid
localization of phosphorylated KAP1 to DNA damage foci,
where it colocalizes with numerous DNA damage response
proteins (78). Loss of phosphorylated KAP1 renders cells
hypersensitive to DNA damage and leads to loss of DNA
damage-induced chromatin decondensation, suggesting
that KAP1 must play an active role in this process (73, 82).
Although phosphorylation of KAP1 is required for the ATM-
mediated global chromatin decondensation in response to
double-strand breaks (65, 82), the mechanism by which
phosphorylated KAP1 mediates this response is still
unknown. Perhaps the switch to its phosphorylated form can
cause the local chromatin decondensation required for
access of DNA repair proteins, and return to its sumoylated
form can assist in re-forming condensed chromatin after the
DNA is repaired.
KAP1 has also been suggested to be involved in suppressing

recombination. As noted above, the strongest KAP1 targets are
the 3�-coding exons of ZNFgenes. ZNFgenes are highly homol-
ogous, having arisen from genomic duplications (45), and their
3�-coding exons encode tandemly arranged highly repetitive
zinc finger domains. Interestingly, binding of KAP1 positively
correlates with the number of repeated zinc fingers within the
ZNF 3�-exons (72). Based on studies from yeast showing that
the Sir2 protein is required to prevent recombination-mediated
loss of the ribosomal DNA repeats (47), it has been proposed
that heterochromatinization of ZNF 3�-coding exons may pre-
vent recombination-mediated deletion of this large family of
highly homologous genes (46, 64, 72). Circumstantial evidence
in support of this hypothesis comes from studies showing that
the 3�-coding exons of KRAB-ZNF genes are deleted when
expression constructs are introduced into cells (13, 22).5 This
phenomenonmight be due to homologous recombination-me-
diated deletion of the exogenously introduced 3�-coding exon
that has not yet been protected by heterochromatin. If KAP1
can be experimentally linked to suppression of recombination,
this would suggest a new function for epigenetic modifications
that are currently thought to represent only a repressed tran-
scription state.

Conclusions

KAP1 has been implicated in diverse cellular processes such
as development, differentiation, and neoplastic transformation.
Although the precise mechanism(s) by which KAP1 influences
such processes remains unclear, studies over the past 15 years
have revealed several insights into KAP1 function. 1) KAP1 is a
scaffold protein that can assemble epigenetic machinery (Fig.
1). Specifically, it interacts with histonemethyltransferases and
HDACs via a C-terminal PHD and bromodomain. 2) KAP1
binds to thousands of sites in the human genome, including
both 3�-coding exons of ZNF genes and promoter regions (Fig.
2). It is recruited to the genome via interaction with KRAB-
ZNFs and other transcription factors. 3) KAP1 is a robust tran-
scriptional repressorwhen artificially recruited inmultiple cop-
ies to promoters of reporter genes (Fig. 3A) but has very little
influence on the transcript levels or epigenetic profiles of its
endogenous target genes (Fig. 3B). 4) Post-translational modi-
fications regulate KAP1 function; sumoylated KAP1 is involved
in transcriptional repression, whereas phosphorylated KAP1 is
involved in DNA repair (Fig. 4).
The modest influence of KAP1 on the human transcriptome

and epigenome remains an enigmatic finding, especially con-
sidering that mice deficient in KAP1 die prior to gastrulation.
Future studies employing specific developmental stages and/or
differentiation states may help reveal conditions under which
KAP1 plays a key role in transcriptional regulation of cellular
genes.
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Intensive research over the past 2 decades has implicated cer-
amide in the regulation of several cell responses. However,
emerging evidence points to dramatic complexities in ceramide
metabolism and structure that defy the prevailing unifying
hypothesis on ceramide function that is based on the under-
standing of ceramide as a single entity. Here, we develop the
concept that “ceramide” constitutes a family of closely related
molecules, subject to metabolism by >28 enzymes and with
>200 structurally distinct mammalian ceramides distinguished
by specific structural modifications. These ceramides are syn-
thesized in a combinatorial fashion with distinct enzymes
responsible for the specific modifications. These multiple path-
ways of ceramide generation led to the hypothesis that individ-
ual ceramide molecular species are regulated by specific bio-
chemical pathways in distinct subcellular compartments and
execute distinct functions. In this minireview, we describe
the “many ceramides” paradigm, along with the rationale,
supporting evidence, and implications for our understanding
of bioactive sphingolipids and approaches for unraveling
these pathways.

Studies over the past 2 decades have begun to define critical
roles of several sphingolipids, especially ceramide, sphingosine,
sphingosine 1-phosphate (S1P),3 and ceramide 1-phosphate as
bioactive molecules (1–3). These molecules are now clearly
appreciated to function as either intra- or intercellular messen-
gers and as regulatory molecules that play essential roles in
signal transduction, inflammation, angiogenesis, diabetes/met-
abolic syndrome, neurodegeneration, and cancer/cancer ther-
apy (4–18).
Significant research has focused on ceramide as a key bioef-

fector molecule, resulting in the paradigm that ceramide func-
tions as a stress responder/coordinator, involved in the
response of cells to various stress stimuli such as cytokines,
ischemia/reperfusion, radiation, and various toxins and che-
motherapeutic agents (19, 20). In turn, ceramide is involved in

regulating cell responses that include growth arrest, senes-
cence, apoptosis, and, more recently, autophagy (11, 21–24).

Advances in Ceramide Studies and Emerging
Complexities

A large body of work has netted several significant advances
in the study of the metabolism, regulation, structure, and func-
tion of ceramide. These include molecular identification of
enzymes of ceramidemetabolism, development of in vivomod-
els (e.g. yeast (11, 25),Caenorhabditis elegans (26, 27),Drosoph-
ila (28–31), and genetically modified mice (32, 33)) that have
led to elucidation of key functions of various genes involved in
ceramide metabolism, numerous cell biology advances that
permitted defining several ceramide metabolism pathways,
development of mass spectroscopy as a major analytical
method to define and quantify ceramide and other sphingolip-
ids (34, 35), and the application of novel systems biology
approaches to the study of sphingolipids (36). Unwittingly,
these advances have highlighted previously unappreciated
complexities of ceramide-regulated pathways, and these
include the following.
Appreciation of a Multitude of Distinct Metabolic Pathways

Involved in Regulating Ceramide—The “textbook” blueprint of
sphingolipid metabolism describes basic connectivity of the
major sphingolipids in the biosynthetic and degradative path-
ways (Fig. 1). However, reality is much more complex. For
example, current estimates suggest that �28 distinct enzymes
exist to act on ceramide as either substrate or product (1, 37).
Thus, ceramide is a “hub” in sphingolipid metabolism, serving
as a precursor to ceramide phosphate, sphingomyelin, cer-
amide phosphoethanolamine, and the entire glycosphingolipid
family. Moreover, in the degradative pathway, ceramide is the
precursor to sphingosine, which in turn is the precursor to S1P.
An intensive 20 years of study has led to the molecular identi-
fication of all known enzymes of ceramide metabolism. This
achievement not only catapulted sphingolipid research into the
modern era of cell and molecular biology but also revealed the
complexity of ceramide metabolism and the many enzymes
involved in conducting the “same” reaction; for example, there
are six ceramide synthases (CerSs) (38), five ceramidases (39),
and at least four or five sphingomyelinases (SMases) (40–42),
all products of distinct genes (thus not including alternative
splicing and other mechanisms of generating diversity in pro-
tein products).
Ceramide Metabolism Is Highly Compartmentalized—Be-

cause ceramide is highly hydrophobic, it tends to reside in the
membranes where it is generated unless it is transported (for
reviews on ceramidemetabolism, see Refs. 43–47). These path-
ways are outlined in Fig. 2. In addition to its basic de novo
synthetic pathway in the endoplasmic reticulum (ER), ceramide
can also be generated in the plasma membrane by the action of
SMases and possibly neutral glucocerebrosidase (48, 49). These
enzymatic activities also exist in the lysosome and inmitochon-
dria, resulting in compartment-specific ceramide generation.
Interestingly, ceramide also can be generated in a slightly more
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complex mechanism, the salvage pathway, which involves first
the breakdown of sphingomyelin and complex sphingolipids
into ceramide and then sphingosine in the endolysosomal sys-
tem. The liberated sphingosine may then be reacylated to cer-
amide (i.e. salvaged or recycled) (50). It has also been reported
that ceramide can be generated by the reverse action of cerami-
dases (well documented in Saccharomyces cerevisiae) (51).

Thus, ceramide metabolism is subject to “local” metabolism
and control. This is well illustrated by the individual SMases
and ceramidases, which have distinct subcellular localization
with distinct enzymes localizing to the plasmamembrane, lyso-
somes,mitochondria, Golgi, and ER (41, 52). Likewise, there are
six distinct CerSs (23), and although they appear to reside pri-
marily in the ER, they may have more specific localization.
Indeed, two of the six CerSs, CerS1 and CerS6, show perinu-
clear staining when overexpressed, with CerS1 colocalizing
morphologically with lamin B (53, 54). CerS1 has also been
shown to undergo regulated translocation to the Golgi (55).
Recently, CerS4 and CerS6 have been shown to reside in mito-
chondria (56, 57). Other enzymes of ceramidemetabolism such
as sphingomyelin synthases and glucocerebrosidases also have
multiplicity and compartment-specific localization (48, 58).
Functionally, the existence of these compartment-specific
pathways clearly suggests high specialization of these pathways,
which in turn suggests specific mechanisms of regulation and,
equally as likely, distinct functions andmechanisms of action of
their lipid products.
SphingolipidMetabolism Is Highly Connected—Our classical

understanding of how metabolites participate in signaling and
cell regulation has been shaped to a large extent by conceptu-
alization of distinct “modules” of signaling regulators (initially,
modeled after the cAMP pathway). There are clear-cut advan-
tages in studying sphingolipid-mediated cell regulation as a set
of modular processes, as this allows dissection of individual
components of these processes and their mechanisms of regu-
lation (i.e. a classical reductionist approach). Indeed, significant
progress has been achieved in the past few years in understand-
ing specific pathwaysmediated by specific enzymes such as acid
and neutral SMases (59), the de novo pathway (60), and the
savage pathway (1, 61). However, it should be equally recog-

FIGURE 1. Basic blueprint of sphingolipid metabolism. Shown are the de
novo pathway of ceramide formation, the production of complex sphingolip-
ids from ceramide, the degradation of ceramide to sphingosine, the forma-
tion of S1P from sphingosine, and the clearance of S1P through the lyase
reaction. CERK, ceramide kinase; GCS, glucosylceramide synthase; GBA, acid
glucocerebrosidase; SK, sphingosine kinase; SMS, sphingomyelin synthase;
SPP, S1P phosphatase.

FIGURE 2. Compartmentalization of sphingolipid metabolism. Ceramide (Cer) is synthesized de novo in the ER and then is transported either via ceramide
transfer protein (CERT) to the Golgi, where it serves as a substrate for the synthesis of sphingomyelin (SM), or is transported by vesicular traffic for the synthesis
of glucosylceramide (gluCer) (97). Sphingomyelin and glycosphingolipids (GlycoSL) are, in turn, transported to the plasma membrane through vesicular
trafficking, and they also undergo vesicular trafficking in the endosomal system and clearance through lysosomal degradation. Ceramide can also be trans-
formed to galactosylceramide (GalCer) in the ER, a process enriched in neural tissues. SLs, sphingolipids; SMS, sphingomyelin synthase; glySL, glycosphingo-
lipids; dhSph, dihydrosphingosine; aCDase, acid ceramidase; ma-nSMase, mitochondrial associated SMase; aSMase, acid SMase; SK, sphingosine kinase; Sph,
sphingosine; CDase, ceramidase; dhCer, dihydroceramide; Mito, mitochondria; Nuc, nucleus.

MINIREVIEW: Many Ceramides

27856 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 32 • AUGUST 12, 2011



nized that the interconnection of lipidmetabolites immediately
generates a second layer of organization. Thus, although one
stimulus (e.g. TNF) may activate one enzyme (e.g. SMase) to
generate the first metabolite (ceramide in this case), a second
enzyme (e.g. ceramidase or ceramide kinase) may act on this
metabolite to generate an additional signal (e.g. sphingosine or
ceramide 1-phosphate, respectively). These subsequentmetab-
olites may then mediate their own specific actions. Each of the
secondary metabolites is itself capable of affecting the levels of
its own set of metabolites and so on. These interconnections
therefore result in “metabolic ripple effects” that complicate
attempts at dissecting specific pathways of ceramide metabo-
lism and function. As such, implicating a specific enzyme in a
cell response, which can be defined through use of biochemical,
genetic, and pharmacological studies, does not immediately
equate with implicating the immediate product of the reaction
as the direct mediator of the process. For example, studies that
implicate SMase in TNF action should not conclude that it is
the ceramide thatmediates the response. Indeed, there are now
a few examples for which S1P appears to be the likely mediator

of TNF actions on growth and induction of endothelial NOS
downstream of neutral SMase activation (62, 63). In another
example, knockdown of one of the CerSs leads to reciprocal
changes in other CerSs (64, 65).
Ceramide Is a Family of Molecules—Mass spectroscopy-based

analysisof ceramidehasdisclosed that cells and tissuesmayharbor
dozens of distinct ceramide molecular species that are distin-
guished by specific components and/or modifications (Fig. 3A)
(66). For example, ceramide may contain a 4,5-cis-double bond
introduced by dihydroceramide desaturase (DES) 1 (67), a
hydroxyl at the 4-position introduced by DES2 (Syr2 in yeast;
for the trivial designation of phytoceramide) (68), or neither
(for the designation of dihydroceramide). Fatty acid 2-hydrox-
ylase introduces an �-hydroxy on the amide-linked fatty acid
(69–71). The six CerSs show distinct substrate preference for
incorporation of fatty acids of different chain lengths in amide
linkage (38, 72). More recently, appreciation has grown that
serine palmitoyltransferase (SPT) can employ fatty acids other
than palmitate, depending on the subunit composition of SPT
(with SPTLC3 preferringmyristate) (73) and/or the presence of

FIGURE 3. Many ceramides. A, complexity of ceramide structure. Ceramide is a family of closely related molecules. Distinct enzymes control the introduction
of OH on the acyl chain (1), resulting in two variants, an OH on the sphingoid base or a double bond in the sphingoid base (2; total of three variants); the chain
length and desaturation of the acyl chain (3; at least 10 variants); the length of the sphingoid base (4; at least three major variants); and the OH at the 1-position
(5; two variants). Because these are independent modifications (at each of the sites), one can calculate the upper limit of possible ceramides as the product of
these modifications (i.e. 360), but not all these ceramides necessarily exist (e.g. some modifications may preclude others because of enzyme specificities). On
the other hand, any new discovery of additional variations would enlarge this number. B, partial representation of the metabolic domains of distinct ceramides.
Each box represents a structurally distinct ceramide and the sphingolipids (SLS) derived from that particular ceramide. Box 1 illustrates the formation of
C16-dihydroceramide with a C18-sphingoid backbone (18C16dhCer). Likewise, each of the other boxes illustrates the combinatorial action of unique enzymes/
subunits to effect the formation of unique ceramides and subsequent sphingolipids. Given the structural uniqueness of each ceramide, we recommend the
shorthand designations shown, where the initial prefix designates the length of the sphingoid base and the number of double bonds in it (e.g. 18:1), followed
by Cx indicating the length of the acyl chain, followed by an indication of acyl chain modifications (e.g. 2�-OH for hydroxylation at the 2-position of the fatty
acid). These nine boxes are representative of all individual ceramide species, of which �100 –150 can be detected using current LC-MS/MS technology. SPTLC,
subunits of SPT; FA2H, fatty acid 2-hydroxylase; Pal, palmitoyl-CoA; Myr, myristoyl-CoA; Sph, sphingosine; C1P, ceramide 1-phosphate.
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regulatory subunits (with yeast Tsc3 and its mammalian
ortholog steering toward stearate as the substrate) (74, 75). SPT
can also employ alanine as a substrate to generate a 1-deox-
ysphingoid backbone, an effect that is exaggerated in the SPT
mutants in type I hereditary sensory and autonomic neuropa-
thy (76), and may even employ glycine to generate a 1-de(OH-
methyl)sphingoid backbone (77).
Although heterogeneity in molecular composition of lipids

(especially in the chain length of the fatty acyl groups of glycer-
olipids) has been noted formore than 3 decades, it was assumed
mostly to be of minimal biological significance, and its exis-
tence was implicitly attributed to lack of fidelity of enzymes of
glycerolipid metabolism and/or the relative availability of spe-
cific fatty acids as substrates. In contrast, the many ceramides
are the product of combinatorial synthesis, with several en-
zymes collaborating to produce �200 distinct mammalian
ceramides (Fig. 3A). Thus, the action of any specific enzyme
combination results in the formation of one or a few ceramides;
for example, the action of CerS1, fatty acid 2-hydroxylase, and
SPT3 may result in formation of �-hydroxy-C18:1-ceramide
with a C16-sphingoid backbone (Fig. 3B). These considerations
also raise questions about howwedefine lipidmolecular species
(Fig. 4). Moreover, each of these distinct ceramides becomes a
founding member of its own “world” of complex sphingolipids
based on this ceramide structure, thus compounding the
molecular complexity of sphingolipids (Fig. 3B).
Complexity and Confusion in Determining “Ceramide Func-

tion”—In the unitary approach to ceramide function, studies
often revealed not only several functions for ceramide but also,
at times, contradictory ones, depending on cell type and other
variables, thereby rendering a unified understanding of cer-
amide function difficult if not contrived. For example, ceramide
has been implicated in mediating apoptotic responses both
downstream and upstream of caspases or mitochondrial dys-
function. Although some of these discrepant effects may be the
result of the action of subsequent ceramide metabolites (as dis-
cussed above), emerging evidence implicates distinct cer-
amides in distinct responses (as discussed below).

Many Ceramides

Thus, a unitary conceptualization of ceramide function is
no longer tenable; rather, individual ceramide molecular
species are likely regulated by specific biochemical pathways
in distinct subcellular compartments and execute distinct
functions. This represents a significant paradigm shift away
from the singular function of ceramide to the “many cera-
mides” model (loosely analogous to the “many worlds” inter-
pretation of quantum mechanics as proposed by Hugh Ever-
ett and further developed by Bryce DeWitt, which in essence
posits that alternative outcomes predicted by quantum
mechanics are all realized but in different “worlds”). Accord-
ing to this analogy, the many ceramides hypothesis posits
that (in the extreme case) every structural change in cera-
mide leads to its own world of derived sphingolipids with
possibly distinct subcellular localization and possibly dis-
tinct functions (as discussed below).

Examples of Distinct Ceramide Pathways

The era of deciphering functional differences for distinct
ceramides was enabled by the development of mass spectro-
metric quantitative and semiquantitative analytical approaches
over the past 10 years. It should be noted, however, that the
functional significance of specific modifications in ceramide
structure was hinted at by nearly 2-decade-old studies that
defined a functional role for the 4,5-cis-double bond in cer-
amide; thus, ceramides but not dihydroceramides could induce
apoptotic and other cell responses (78).
In one of the earliest studies to examine molecular ceramide

species in the context of cell responses, it was observed that
triggering of the B-cell receptor in lymphocytes induced a
biphasic elevation in ceramides (79). The early phase (overmin-
utes/hours) consisted primarily of C16-ceramide and preceded
the onset of activation-induced cell death. The accumulation of
this ceramide was inhibited by fumonisin B, an inhibitor of
CerSs, which also prevented activation of caspases, mitochon-
drial damage, and induction of cell death. The later phase of
ceramide involved accumulation of C24-ceramide, and in con-

FIGURE 4. Defining a lipid species. Three levels of “definition” must be con-
sidered as shown in the figure.
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tradistinction to the first phase, this accumulation required
activation of caspases. Functionally, this was linked to activa-
tion of the proteasome (80). In a historical aside, the very first
observation of specific elevations of C16-ceramidewas probably
that reported by Watts et al. (81); however, the authors dis-
missed the significance of that change because it required 1–2 h
of cell stimulation.
Insight into ceramide-specific functions has arisen from a

molecularly driven line of investigation focusing onmembers of
the CerS family that form ceramides with distinct acyl chain
lengths. In one study, Koybasi et al. (82) discovered that, of the
various ceramides, only C18:0-ceramide was selectively down-
regulated in head and neck cancer tissues. Because this cer-
amide is a specific product of CerS1, the authors subsequently
implicated CerS1 in mediating growth regulation (53).
In another study, Min et al. (83) provided evidence that

CerS1 increased sensitivity of HEK293 cells to several chemo-
therapeutic agents, whereas CerS4 did not appear to modulate
drug sensitivity. Mechanistically, these results were traced to
selective activation of the p38 MAPK by CerS1 and not the
other CerSs.
Voelkel-Johnson and co-workers (54) found that colon can-

cer cells had extremely reduced CerS6 levels andwere defective
in the C16-ceramide response to TRAIL-induced apoptosis.
Expressing CerS6 was sufficient to restore the apoptotic
response to TRAIL (54). Additional studies by Dent and co-
workers (84) implicated CerS6 in regulating calcium release,
reactive oxygen species production, and cell death induced by
MDA-7/IL-24. Another recent study specifically implicated
C16-ceramide, most likely generated through the salvage path-
way, in contributing to celecoxib-induced cytotoxicity (85).
Kolesnick and co-workers (56) recently implicated CerS5 and
CerS6 in mediating cytotoxic responses to ionizing radiation,
whereas CerS2, probably acting in mitochondria, offered par-
tial protection. Very recent work from our laboratories has also
implicated CerS5 and CerS6 in the generation of long chain
ceramides by the salvage pathway, which were necessary for
regulating membrane permeability in the programmed cell
death execution phase inMCF-7 breast cancer cells in response
toUV radiation (86). Thus, taken together, studies onCerSs not
only implicate each of these enzymes in the formation of spe-
cific ceramides and perhaps in specific compartments but also
clearly suggest ceramide species-specific functions.
Other recent studies implicated the specific production of

dihydroceramide in the induction of autophagy. Zheng et al.
(87) showed that autophagy was induced in prostate cancer
cells treated with C2-dihdydroceramide, one of the first studies
to demonstrate biological activities of the dihydroceramide
class. Signorelli et al. (88) reported that resveratrol induced
autophagy in gastric cancer cells, and this was accompanied by
inhibition of DES and accumulation of dihydroceramide.
Importantly, direct inhibition of DES with XM462 caused the
accumulation of dihydroceramide and was sufficient to induce
autophagy.
It should be noted that several additional recent studies have

disclosed specific functional and pathobiological roles of spe-
cific enzymes of ceramidemetabolism. For example, knock-out
of CerS2 results in severe liver pathology (38), mutations in the

fatty acid 2-hydroxylase have been implicated in inherited
human leukodystrophy (89), and mutations in DES have been
related to amelioration of diabetic complications (4). At this
point, these results do not yet distinguish roles of specific cera-
mides versus roles of subsequent metabolites. As such, these
approaches allowus tomake conclusions about functional roles
of specific modifications in the ceramide backbone that also
affect all downstream sphingolipids, and further studies are
required to define the specific lipid mediator(s). Thus, this
approach has promise for yielding significant results and
insights.

Implications of This Paradigm Shift

It is understandable that tackling the major questions about
how ceramide is regulated and how it functions would have
been much easier had ceramide been a single entity generated
by a single pathway. However, the reality of the complexities of
ceramide formation and the multitude of distinct enzymes of
ceramide metabolism and distinct ceramide species has
become undeniable. In turn, this enforces a re-examination of
how studies on ceramide should evolve and how results are to
be interpreted.
First and foremost, the many ceramides approach negates

the current prevailing paradigm that ceramide can be under-
stood in terms of regulation and function as a single entity. It is
quite unlikely that ceramide formed in the lysosome by the
action of acid SMase should exert the same specific effects as
ceramide formed in the Golgi or the plasma membrane by the
regulation of ceramidases or neutral SMase. Thus, at the very
least, mechanistic studies on ceramide function and regulation
should focus on specific pathways of formation. This may be
termed the “enzyme-centric” approach. Given the specific sub-
cellular localizations of these enzymes, this approach is by
necessity also a “compartment-specific” approach.
A poorly studied aspect of ceramide compartmentalization

relates to membrane topology, sidedness, and submembrane
organization of ceramide metabolism and action. Current
results show that ceramide can flip-flop readily in artificial
membranes and in red blood cells (consistent with its physico-
chemical properties of lack of charge in a small hydrophobic
molecule) (90). However, at this point, we cannot rule out sid-
edness to ceramide metabolism and function in more complex
biologicalmembranes.Moreover, there is strong evidence from
over 4 decades of research that sphingomyelin partitions into
membrane subdomains (91) that may also exist in biological
membranes as “rafts” (92) and that ceramide may regulate the
formation of these domains (93).
As a corollary, this conceptualization of compartment-spe-

cific metabolism of many ceramides raises the issue of whether
“ceramide” serves as a hub in sphingolipidmetabolism.What is
emerging is that distinct ceramides in distinct compartments
serve as local minihubs of sphingolipid metabolism. In turn,
protein-mediated transfer and vesicular transport of sphingo-
lipids then serve to connect these “many hubs” (Fig. 2). At this
point, it is not clear if individual ceramide species reside either
in distinct membranes or within distinct subdomains of mem-
branes. Unfortunately, there is a paucity of tools to evaluate this
critical issue, which would require advanced subcellular frac-
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tionation coupled withmass spectrometry and, even better, the
development of high affinity probes for specific ceramides.
Amajor quest in understanding bioactive lipids is the need to

understand themechanisms of their formation, but also equally
important is the need to understand their mechanisms of
action. As such, defining the “active” lipid species becomes of
obvious critical importance in discerning the downstream tar-
gets and mechanisms involved in mediating the specific func-
tions of the enzyme under study. Therefore, we propose a two-
track approach in elucidating lipid-dependent pathways. First,
an enzyme-centric approach could define the function of the
specific enzyme. This builds on the availability of molecular
tools; animal models; and biochemical, pharmacological, and
genetic approaches. Next and because of the interconnectivity
of lipid mediators, a “lipid-centric” approach could define
which specific lipid is implicated and then its mechanisms of
action. This can also employ genetic approaches; one could aim
to “triangulate the lipid” by specific modulation of enzymes
through gain- or loss-of-function studies. This lipid-centric
approach can also avail itself of analytical tools to quantify lipids
and correlate lipids with specific functions as well as biochem-
ical and pharmacological approaches.One such recent example
from our group employed exogenously applied purified bacte-
rial enzymes of sphingolipid metabolism (SMase, ceramidase,
and SMase D) to define a specific role for ceramide in the
plasmamembrane and not sphingomyelin or othermetabolites
in the regulation of ezrin dephosphorylation (94). Moreover, it
is expected that bioinformatic approaches will also help in the
quest to define lipid-specific functions. In such an approach,
functions for yeast sphingoid base phosphates were elucidated
by “deconvoluting” gene-based transcriptomic data to lipid-
based regulation by simultaneously analyzing transcriptomic
and lipidomic results (95). Another very recent approach helps
visualize sphingolipidomic results and correlates those with
functional changes in transcriptomic data on sphingolipid
enzymes (96).
At a mechanistic level, this emerging paradigm has signifi-

cant implications for molecular mechanisms of action of cer-
amide. As a sum of all of its species, ceramide is present in cells
at levels that usually range from 0.1 to 1.0% of total phospho-
lipids. If all ceramides regulate one specific target and, in turn,
that target reacts to the total relative concentration of cera-
mides, then such interactions would be of moderate affinity. As
such, ceramide would be expected to more closely resemble
diacylglycerol in its interactions with protein kinase C. How-
ever, regulation of distinct species of ceramide in specific sub-
cellular compartments would involve very low abundance lip-
ids. The relative concentrations of individual ceramide species
span many orders of magnitude, with some of the minor yet
detectable species now present as �0.001% of total lipids, con-
centrations that are more similar to those of many eicosanoids
and S1P, all with high affinity receptors. Accordingly, one
would expect that if these individual ceramides are bioactive,
they may have high affinity targets.

Concluding Remarks

In conclusion, tackling the biology of the many ceramides
model has become significantly complicated by the emerging

complexities in our understanding of ceramidemetabolism, the
many enzymes involved, the compartmentalization of these
pathways, the interconnectivity of lipid metabolism, and the
distinct species of ceramide molecular species. Paradoxically,
we propose that by tackling ceramide as a family of perhaps
�200 distinct molecules, we will better clarify the conceptual
underpinnings, although, understandably, the volume of data
required will multiply, which is another challenge. Still, the
principles will be easier to develop and assimilate. Such sim-
plification following complexity has been observed previ-
ously (e.g. in the study of the eicosanoids). With the many
ceramides approach, this promises equally rewarding and
exciting discoveries and progress. For example, it is cur-
rently difficult to predict whether an observed change in
ceramide will lead to apoptosis or ER stress or senescence.
According to the new hypothesis, defining the pathway reg-
ulating ceramide, where in the cell this occurs, and what
specific species of ceramide accumulates will result in a
much more robust understanding of that specific pathway of
cell regulation and in predicting its function. Clearly, the
study of ceramides is unfolding into a world of its own that
requires substantial investigation and promises novel and
unique insights into lipid metabolism and function.
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(2010) Biochem. Pharmacol. 80, 1632–1640

86. Mullen, T. D., Jenkins, R.W., Clarke, C. J., Bielawski, J., Hannun, Y. A., and
Obeid, L. M. (2011) J. Biol. Chem. 286, 15929–15942

87. Zheng, W., Kollmeyer, J., Symolon, H., Momin, A., Munter, E., Wang, E.,
Kelly, S., Allegood, J. C., Liu, Y., Peng, Q., Ramaraju, H., Sullards, M. C.,
Cabot, M., and Merrill, A. H., Jr. (2006) Biochim. Biophys. Acta 1758,
1864–1884

88. Signorelli, P., Munoz-Olaya, J. M., Gagliostro, V., Casas, J., Ghidoni, R.,
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The radical S-adenosylmethionine (AdoMet) superfamily
currently comprises thousands of proteins that participate in
numerous biochemical processes across all kingdoms of life.
These proteins share a common mechanism to generate a pow-
erful 5�-deoxyadenosyl radical, which initiates a highly diverse
array of biotransformations. Recent studies are beginning to
reveal the role of radical AdoMet proteins in the catalysis of
highly complex and chemically unusual transformations, e.g.
the ThiC-catalyzed complex rearrangement reaction. The
unique features and intriguing chemistries of these proteins
thus demonstrate the remarkable versatility and sophistica-
tion of radical enzymology.

These past 2 decades have witnessed an explosive growth of
knowledge concerning enzymes that involve free radical-medi-
ated catalysis (1). Just like the enormous number of methodol-
ogies involving radicals created by chemists for organic synthe-
sis over recent years (2), nature has evolved diverse strategies
for utilization of radical chemistry to benefit life processes. The
high reactivity of radical species not only promotes the chemi-
cally difficult reactions by overcoming the high kinetic and/or
thermodynamic barriers but also leads to some exquisite trans-
formations that are unlikely to occur via polar mechanisms.
One prominent example in radical biochemistry is the large
class of radical S-adenosylmethionine (AdoMet)3 enzymes,
which perform catalysis with AdoMet and specialized [4Fe-4S]
clusters through a radical-associated mechanism (3–15).
Since the discovery of the firstmember, lysine 2,3-aminomu-

tase (LAM), in 1970 (16), the radical AdoMet superfamily is
now believed to comprise thousands of members that partici-

pate in numerous biochemical processes across all kingdoms of
life. These proteins contain a motif of three cysteine residues
(typically as CXXXCXXC) to nucleate a [4Fe-4S] cluster, which
binds AdoMet in a bidentate fashion and serves as an electron
donor to cleave AdoMet reductively (Fig. 1A). A powerful oxi-
dant 5�-deoxyadenosyl (Ado) radical is thus generated, which
abstracts a hydrogen atom from the substrate and initiates a
highly diverse array of reactions relevant to modifications not
only of nucleic acid and protein biosynthesis but also of vita-
min, coenzyme, and antibiotic biosynthesis. Bioinformatic
studies guided by known crystal structures have revealed that,
despite low shared homology, radical AdoMet superfamily pro-
teins all possess a conserved TIM barrel core fold to accommo-
date AdoMet and different substrates ranging from small mol-
ecules to proteins, DNA, and RNA (17). The Ado radical
chemistry is also found in adenosylcobalamin (AdoCbl)-depen-
dent family enzymes. In this case, the Ado radical is produced
via the homolytic cleavage of the cobalt–carbon bond of the
corrin cofactor (10, 18, 19). However, the number and diversity
of the AdoCbl-dependent enzymes are in no way comparable
with those of the radical AdoMet enzymes. It has been pro-
posed that radical AdoMet proteins are of ancient origin and
among the earliest biological catalysts (5). This is perhaps not
surprising in view of the huge number, wide distributions, and
catalytic diversity of radical AdoMet enzymes.
The reactions catalyzed by the radical AdoMet superfamily

includemainly glycyl radical generation, sulfur insertion,meth-
ylation,methylthiolation, oxidation, isomerization, elimination
(fragmentation), etc. Table 1 is a representative but not com-
prehensive collection of the typical reactions of radical AdoMet
proteins. Amore fascinating aspect of radical AdoMet proteins
is their potential to catalyze highly complex structural rear-
rangements. The complexity of some of these reactions is
astonishing. For example, in the conversion of aminoimidazole
ribonucleotide (AIR) to 4-amino-5-hydroxymethyl-2-methyl-
pyrimidine phosphate (HMP-P) catalyzed by ThiC (20, 21), 10
of 15 connections between each atom (not including hydrogen
atoms) are broken, leading to the product HMP-P with a com-
pletely reprogrammed atom connection pattern (Fig. 1B). The
fact that such a chemically complicated conversion can be actu-
ally catalyzed by such a singlemonofunctional enzyme is amaz-
ing, extending far beyond our initial understanding of enzy-
matic reactions.
Two aspects should be underscored for appreciation of these

amazing catalysts. First, to achieve a complex transformation,
the enzyme uses multiple steps specifically designed to sequen-
tially tailor the substrate and radical intermediates in a strictly
controlled pathway. This is an ingenious but very complicated
process, the elucidation of which will surely provide valuable
insights into our understanding of radical enzymology. Second,
it is noteworthy that distinct frommany radical enzymes,where
the radicals are usually associated with metal centers or reside
in conjugated systems, such as flavin, thiamine, pterin, and qui-
none, etc., many of the radicals produced by radical AdoMet
enzymes are free alkyl radicals. Because these radicals are usu-
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nology Grant 2009ZX09501-008; National Basic Research Program (973
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ally extremely reactive and unstable, how the enzymes accu-
rately control the reactivity of these radicals in a regio- and
stereospecific fashion in the multistep conversions currently
seems a biochemical puzzle. Although little is known about the
detail, accumulating evidence indicates that both the amino
acid residues in the active site and the overall protein scaffold
may play an important role in controlling the radical chemistry
(22). Engineering the key protein residues to accommodate dif-
ferent substrate analogs or to reprogram the catalytic pathway
to afford novel outcomes of catalysis is thus promising, as the
latter was actually achieved in the study of biotin synthase (23).
This minireview focuses primarily on recent studies regard-

ing some complex and chemically unusual transformations cat-
alyzed by radical AdoMet enzymes. “Complex” refers mainly to
the multistep process, whereas “unusual” means the unprece-

dented nature and/or the unique mechanism of the reactions.
We attempt to demonstrate here that the unique features and
intriguing chemistries of these enzymes not only constitute a
fascinating puzzle for aficionados of radical mechanism but
also facilitate the understanding of the versatility of radical
enzymology.

HMP-P Synthase ThiC in Thiamine Biosynthesis

Thiamine (vitamin B1) is an essential compound in all living
organisms and participates in several key cellular processes,
such as carbohydrate and amino acid metabolism (24). Thia-
mine consists of a thiazole and a pyrimidine heterocycle, which
are synthesized separately and assembled together by thiamine
phosphate synthase (25). The thiazole and pyrimidine of thia-
mine are biosynthesized through different pathways in differ-

FIGURE 1. Reactions of the radical AdoMet enzymes. A, binding of AdoMet to the [4Fe-4S] cluster and the reversible carbon–sulfur bond cleavage to produce
the Ado radical. The unique iron for binding of AdoMet is highlighted in yellow. B, ThiC-catalyzed formation of HMP-P from AIR. The unexpected deuterium
labeling patterns are highlighted in the yellow. C, NosL/NocL-catalyzed MIA biosynthesis.
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ent organisms. In prokaryotes, thiazole formation iswell under-
stood and involves at least five enzymes that transform
1-deoxy-D-xylulose 5-phosphate, cysteine, and either glycine
(aerobic pathway) or tyrosine (anaerobic pathway) in a sequen-
tial condensation (25, 26). In contrast, pyrimidine biosynthesis
in prokaryotes remained enigmatic for some time. Although
extensive genetic and biochemical studies had been carried out
(27, 28), the mechanism of pyrimidine formation came to light
only recently with two independent reports on the functional
characterization of the radical AdoMet enzyme ThiC (20, 21).
ThiC is the only enzyme involved in catalyzing the complex
transformation of AIR to HMP-P.
ThiC does not contain the canonical CXXXCXXC motif in

the N-terminal domain, as do most of the radical AdoMet
enzymes. Accordingly, it was not regarded as belonging to the
radical AdoMet family in early studies. Instead, ThiC contains a
CXXCXXXXC motif. The indispensability of this motif was
confirmed by a mutational study showing that replacement of

any cysteine residue with alanine abolished thiamine biosyn-
thesis (29). Modeling a [4Fe-4S] cluster in the apo-ThiC crystal
structure guided by a biotin synthase backbone supported the
function of theCXXCXXXXCmotif for binding a [4Fe-4S] clus-
ter (16), which has been shown to exist in the reconstituted
protein by EPR, UV-visible, andMössbauer spectrometries (20,
21). The in vitro conversion of AIR to HMP-P is AdoMet-de-
pendent, and 5�-deoxyadenosine (AdoH) is the coproduct in
the reaction. Together, these results indicate that ThiC is a new
member of the radical AdoMet enzyme superfamily, catalyzing
the most complex rearrangement reaction known in primary
metabolism.
The mechanism of ThiC catalysis has been probed by early

isotopic labeling studies in vivo (27) and in vitro using cell free
extracts (28), establishing the origin of all atoms in the HMP-P
scaffold. Recent labeling studies in a defined ThiC reconstitu-
tion system revealed that the missing C1� and C3� of AIR are
converted to formate and carbon monoxide, respectively (30).

TABLE 1
Reactions of radical AdoMet enzymes and their representative examples
ARR, anaerobic ribonucleotide reductase; BSS, benzylsuccinate synthase; HPD, 4-hydroxyphenylacetate decarboxylase.

Reaction/enzyme Function Ref.

Protein radical generation
PFL activase PFL glycyl radicalization 5, 10
ARR activase ARR glycyl radicalization 5, 10
BSS activase BSS glycyl radicalization 5, 10
GDH activase GDH glycyl radicalization 5, 10
HPD activase HPD glycyl radicalization 5, 10

Sulfur insertion
BioB Biotin synthesis 5, 10
LipA Lipoyl synthesis 5, 10

Oxidation
Formylglycine synthase Anaerobic sulfatase maturation 5, 10
BtrN Butirosin biosynthesis 10

Isomerization
LAM LAM 5, 10, 16
BlsG Arginine 2,3-aminomutase 5, 10
Eam Glutamate 2,3-aminomutase 5, 10
Littorine mutase Alkaloid biosynthesis 5

Methylation of aromatic heterocycle
RlmN, Cfr rRNA modification 67–69, 73
TsrT (TsrM) Thiostrepton biosynthesis 74, 75
NosN/NocN Nosiheptide/nocathiacin biosynthesis 37, 38
TpdI, TpdL, TpdU GE2270 and thiomuracin biosynthesis 79
CloN6 Clorobiocin biosynthesis 5

Methylation of sp3 carbon
Fom3 Fosfomycin biosynthesis 5, 10
Fms7 Fortimicin biosynthesis 5
CndI Chondrochloren biosynthesis 80

Elimination (fragmentation)
SplB Spore photoproduct lyase 5, 10
DesII Desosamine biosynthesis 64, 65
HemN Coproporphyrinogen III oxidase 5, 10
ThiH Thiamine biosynthesis 26, 39
HydG Metal cofactor biosynthesis 40, 41

Methylthiolation
MiaB Methylthiolation of tRNA 5, 10
RimO Methylthiolation of protein 5, 10

Complex structural rearrangement
ThiC Thiamine biosynthesis 20, 21, 30
NosL/NocL Nosiheptide/nocathiacin biosynthesis 37, 42, 43
MoaA Moco biosynthesis 51, 52
QueE Deazapurine biosynthesis 63

Others
CofG, CofH Coenzyme F420 biosynthesis 5
TWY1 Wybutosine biosynthesis 5, 10
PqqE Pyrroloquinoline quinone biosynthesis 5
AviX12 Epimerization in avilamycin A 5
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More insights have been gained by using deuterated AIR at
various positions and by characterization of the resultant prod-
uct AdoH by LC-MS and 1H NMR spectrometry. The optimal
assay condition was set both by using flavodoxin, flavodoxin
reductase, and NADPH to reduce the [4Fe-4S] cluster of ThiC
and by obviation of the prolonged reaction time to minimize
the uncoupled AdoH production. The assay showed that no
deuterium was incorporated into AdoH with 1�-, 2�-, or 3�-la-
beled AIR, indicating that hydrogen abstraction does not occur
on these sites. Surprisingly, deuterium incorporation was
observed when both 4�-deuterated AIR and 5�-dideuterated
AIRwere used as substrates.WhenperdeuteratedAIRwas used
as a substrate, monodeuterated AdoH and dideuterated AdoH
were both observed in the reactionmixture. These results indi-
cate that the Ado radical abstracts two hydrogen atoms at C4�
and C5� during a single reaction cycle. The iterative hydrogen
abstraction is unprecedented in radical AdoMet enzymology.
In this case, theAdo radical serves not only as the initiator of the
reaction but also as a “relay station” for radical transfer, exhib-
iting the ingenuity and sophistication of radical AdoMet family
enzymes in catalyzing complex reactions. The proposed mech-
anism of this daunting catalysis is described in supplemental
Fig. 1. It should be noted that the involvement of the protein-
based radical(s), which was detected when ThiC was treated
with AdoMet and sodium dithionite, cannot be excluded (31).

3-Methyl-2-indolic Acid (MIA) Synthase NosL/NocL in
Thiopeptide Biosynthesis

Thiopeptides are a large group of naturally occurring, thia-
zole-containing, and highlymodifiedmacrocyclic peptides (32)
that are biosynthesized through post-translational modifica-
tions on ribosomally synthesized precursor peptides (33, 34).
According to the structural characteristics, thiopeptides are
divided into five subgroups. The e-series subgroup members,
such as nosiheptide and nocathiacin, possess a unique indolic
acid moiety that is independent of the precursor peptide (32–
34). Early studies in nosiheptide biosynthesis indicated that the
indolic acid moiety was derived from L-Trp (35). The C1 and
indoleC2� linkage of L-Trp in the conversion shown in Fig. 1C is
quite reminiscent of Friedel-Crafts chemistry (36). However,
Friedel-Crafts acylation generally requires a very strong Lewis
acid (such as anhydrous aluminum chloride, etc.) as the cata-
lyst, which cannot be provided under physiological conditions.
Although extensive isotopic labeling studies had been per-
formed (36), the mechanism of this conversion remained
merely speculative.
Characterization of the biosynthetic gene clusters of nosi-

heptide (37) andnocathiacin (38) provided the basis for probing
the mechanism of indolic acid moiety formation at the genetic
and biochemical levels. The sequences allowed identification of
the radical AdoMet enzymes NosL and NocL in nosiheptide
and nocathiacin biosynthesis, respectively. NosL and NocL
share high sequence similarity and are also homologous to
ThiH, which is involved in anaerobic thiamine biosynthesis (26,
39), and HydG, which is required for [Fe-Fe] hydrogenase mat-
uration (40, 41). Both ThiH and HydG are radical AdoMet
enzymes that cleave the C�–C� bond of L-Tyr. As indolic acid
moiety synthesis also involves the C�–C� (C2–C3) bond cleav-

age of aromatic amino acids, this indicates that NosL andNocL
might be suitable candidates to catalyze this conversion.
Indeed, nosiheptide production is completely abolished in the
nosL deletion mutant strain and can be readily restored either
by simple addition of syntheticMIA to the fermentation culture
(37) or by heterologous expression of nocL in the mutant chro-
mosome (38). The conversion of L-Trp toMIA has been recon-
stituted subsequently in vitro by using NosL (42) or NocL (43)
as the only catalyst (Fig. 1C), demonstrating that NosL and
NocL are radical AdoMet MIA synthases.
Two strategies have been employed in studying NosL/NocL,

and they have contributed substantially to characterization of
the enzyme mechanism. One is heterologous expression of the
proteins in Escherichia coli. This obviates the inefficient in vitro
conversion and produces a high yield of MIA, even without
coexpression of the cysteine desulfurase gene iscS for [Fe-S]
cluster assembly (44). A series of isotopic labeling experiments
have thus been performed in this efficient heterologous expres-
sion system, establishing the origin of almost every atom of
MIA (42). Moreover, the utility of this system promotes the
exploration of the enzyme specificity, allowing for the produc-
tion of a regiospecifically halogenated MIA that could be fur-
ther incorporated into the thiopeptide framework to afford a
novel halogenated thiopeptide member (42). The second strat-
egy is trapping and/or directly examining the catalytic interme-
diates. A unique feature of the NosL/NocL in vitro assay is that
a substantial amount of the shunt product (3-methylindole) is
produced in addition to the authentic product (MIA). Interest-
ingly, the production of 3-methylindole, presumably by inad-
vertent trapping of the indolyl intermediate resulting from
C�–C� cleavage, is actually adjustable by changing the reduc-
tant sodium dithionite concentration in the assay (42, 43).
Combined with the detection of another shunt product
(glyoxylate) in the reaction, these observations firmly estab-
lished a fragmentation-recombination mechanism that is
involved in MIA synthesis.
The proposed mechanism of MIA synthesis is briefly illus-

trated in Fig. 1C. In analogy to ThiH and HydG catalysis, the
fragmentationmay occur on a tryptophan radical, which is pro-
duced by hydrogen abstraction by the Ado radical from the N1
of L-Trp. The homolytic cleavage of the C�–C� bond of the
tryptophan radical, resulting in 3-methyleneindole and a glycyl
radical, is supported by computational studies and has been
confirmed by trapping the glycyl radical as a glycine-dansyl
derivative by a rapid-quench method (42). The putative glycyl
radical has been observed by EPR spectroscopy during the
steady-state phase of NocL catalysis (43). In contrast to the
relatively well understood fragmentation mechanism, little is
known about the subsequent recombination process by which
the two 3-methyleneindole and glycyl radical fragments are tai-
lored to afford MIA and the coproducts formaldehyde and
ammonia. As the C� of the glycyl radical carries the largest spin
density, it should be more reactive compared with the carboxyl
group.Why the reaction does not proceedwith the attack of the
C� of the glycyl radical on the � system, as found in glutamate
mutase (10, 18), is unclear. It is possibly because the glycyl rad-
ical is tightly sequestered in the enzyme’s active site, leaving the
C� too far to react with the indole ring. Two possible mecha-
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nisms are envisioned as shown in supplemental Fig. 2. One is
the direct addition of the glycyl radical to 3-methyleneindole
via a polarmechanism, during which an enzyme-mediated pro-
ton transfer might promote this process. Alternatively, the gly-
cyl radical may undergo fragmentation after protonation of the
C� to produce a carboxyl radical (45), which recombines with
the indole ring and reinstalls the carboxyl group. Given the
considerable production of 3-methylindole in the assay, the
recombination may be inefficient and serve as one of the limit-
ing steps in catalysis. However, future studies are needed to
address the detailed mechanism of MIA biosynthesis, particu-
larly the intriguing recombination process.

MoaA in Molybdenum Cofactor (Moco) Biosynthesis

Moco, the biological active formofmolybdenum, is an essen-
tial component of a diverse group of redox enzymes (46). Moco
consists of a mononuclear molybdenum atom coordinated by
the dithiolene moiety of a tricyclic pyranopterin (Fig. 2A). The
biosynthesis of the cofactor is an ancient, ubiquitous, and
highly conserved pathway that includes three major steps (47).
The first step is the conversion of GTP to an oxygen-sensitive
6-alkyl pterin with a cyclic phosphate, which is commonly
referred to as precursor Z (48). A similar reaction is also found
in folate and pterin biosynthesis, such as the formation of dihy-
droneopterin triphosphate from GTP catalyzed by GTP cyclo-
hydrolase I (GCH I) (49). However, precursor Z biosynthesis is
distinct, as the C8 of the purine is inserted between the 2�- and
3�-ribose carbons via an as yet unknown rearrangement, rather
than being released as formate in theGCH I-catalyzed reaction.
The remarkable rearrangement of precursor Z biosynthesis

is catalyzed by MoaA and the accessory protein MoaC (which
correspond to MOCS1A and MOCS1B (encoded by a bicis-
tronic mRNA), respectively, in humans (50)). MoaA is a radical
AdoMet protein containing a typical (��)6 TIM barrel fold in
the N terminus, with a [4Fe-4S] cluster ligated by the charac-

teristic CXXXCXXCmotif. However, the C terminus ofMoaA
contains an additional [4Fe-4S] cluster, which is similar to
the N-terminal cluster featuring a vacant ligation site of the
fourth iron atom (51). The function of the C-terminal cluster
for binding of the substrate GTP was supported by the crys-
tal structure of MoaA in complex with GTP (52). Additional
function(s) of the C-terminal [4Fe-4S] cluster may also be
involved, as the simple anchoring of the GTP could be easily
accomplished by amino acid residues, and the cluster has
also been shown to be redox-active (53). The closest distance
between the two [Fe-S] clusters is 17 Å, defining a large
active site pocket interrupted by the hydrophilic channel
(51). The active site is constructed from predominantly basic
residues, which are ideally positioned to compensate the
negative charges of the GTP phosphate groups. Most of
these residues are crucial for catalysis, as mutations of them
resulted in either completely abolished or dramatically
decreased MoaA activity (52).
The involvement of the accessory protein MoaC during

catalysis makes the mechanism of the conversion complicated.
Although the crystal structure of the MoaC protein has been
resolved (54, 55), the catalytic role ofMoaC and its relationship
with MoaA are still unknown. One proposal is that MoaA gen-
erates a stable glycyl radical on the MoaC scaffold to perform
catalysis, in analogy to the binary enzyme system of pyruvate
formate-lyase (PFL) and PFL activase. However, this seems to
be unlikely, as substitution of the two strict conserved glycine
residues of MoaC with alanine leads to only a minor reduction
of activity (54). An alternative scenario could be thatMoaA first
synthesizes an unknown intermediate from GTP, which is
sequestered by MoaC and converted to precursor Z. The fact
thatMoaA is able to convert GTP to a diaminopyrimidine-type
product in the absence of MoaC is consistent with this notion
(52). Characterization of this diaminopyrimidine product will

FIGURE 2. GTP-derived biosynthesis of Moco and deazapurine. A, role of MoaA and MoaC in Moco synthesis. B, key steps in queuosine biosynthesis. The
reaction catalyzed by the radical AdoMet protein QueE is highlighted in yellow. CPH4, 6-carboxy-5,6,7,8-tetrahydropterin; CDG, 7-carboxy-7-deazaguanine.

MINIREVIEW: Radical AdoMet Enzyme-catalyzed Biotransformations

SEPTEMBER 2, 2011 • VOLUME 286 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 30249

http://www.jbc.org/cgi/content/full/R111.272690/DC1


certainly shed light on the elusive mechanism of MoaA and
MoaC catalysis.
Distinct from GCH I, which breaks the N7–C8 and N9–C8

bonds of GTP to produce a diaminopyrimidine intermediate
via a zinc-dependent hydrolytic process, the mechanism of
MoaA involves breakage of the GTP N7–C8 and/or N9–C8
bond by radical chemistry. Based on the crystal structure of
MoaA in complex with GTP and AdoMet, it was proposed
that the possible sites in the GTP for hydrogen abstraction by
the Ado radical might be the purine C8 atom and either the
C2� or C3� atom of the ribose (52). However, other possibil-
ities cannot be excluded. A mechanism including the hydro-
gen abstraction at the C4� atom is proposed, as shown in
supplemental Fig. 3. Future studies using isotopically labeled
GTP will provide more information on the mechanism of
MoaA and MoaC catalysis.

QueE in Deazapurine Biosynthesis

Compounds containing pyrrolopyrimidine nucleoside (col-
lectively termed deazapurines) are an important class of struc-
turally diverse compounds that are widespread in biological
systems and include various antibiotics (56) and the hyper-
modified tRNA bases queuosine (57) and archaeosine (58). Iso-
topic labeling studies indicated that deazapurine base was
derived from a purine precursor with the loss of a C8 atom (59).
Biosynthetic studies of queuosine, toyocamycin, and sangiva-
mycin revealed that four conserved enzymes might be involved
to afford the deazapurine ring (60–62), including GCH I, a
6-pyruvoyltetrahydropterin synthase-like protein (QueD hom-
olog), a radical AdoMet protein (QueE homolog), and an
ATPase (QueC homolog). By sequentially using these four
enzymes, the conversion of GTP to preQ0, a precursor of queu-
osine, has been reconstituted recently in vitro (63), revealing a
substantial structural rearrangement in deazapurine biosyn-
thesis (Fig. 2B).
Of particular interest is the conversion of 6-carboxy-5,6,7,8-

tetrahydropterin to 7-carboxy-7-deazaguanine catalyzed by the
radical AdoMet enzyme QueE, which serves as the key enzyme
of the deazapurine framework synthesis. This reaction involves
the extrusion of an ammonium from the 6-membered tetrahy-
dropyrazine ring to afford the 5-membered imidazole ring.

Currently, there is no clue to themechanism of the enzyme, but
this ammoniumelimination bears some analogy to theAdoCbl-
dependent elimination reaction catalyzed by diol dehydratase,
glycerol dehydratase (GDH), and ethanolamine ammonia-lyase
(15) and to the deamination reaction catalyzed by the radical
AdoMet protein DesII (64, 65). These enzymes all use an Ado
radical to abstract a hydrogen atom from the C2 of the sub-
strates to produce an intermediate radical. The cleavage of the
C1–OH or C1–NH2 bond is then promoted by the hydroxyl
group on the C2 atom, which stabilizes the resultant radical
cation (an illustrativemechanism is shown in supplemental Fig.
4). Amechanism of QueE catalysis has been proposed based on
this point, as shown in supplemental Fig. 5. Further evidence is
needed to address the mechanism of this key reaction in deaza-
purine biosynthesis.

RlmN and Cfr in Ribosome Methylation

Methylation is an essential reaction involved in a wide range
of life processes, such as gene expression, proteinmodification,
RNAmetabolism, lipid and secondary metabolite biosynthesis,
etc. Themajority of methylations are AdoMet-dependent, pro-
ceeding with the nucleophilic attack of the substrates on the
methyl group of theAdoMet sulfoniumvia an Sn2 displacement
(66). However, this requires the nucleophilicity of the sub-
strates, and methylation of the unreactive sp3 carbons or elec-
trophilic substrates should invoke different pathways.
Recent studies on the ribosome methyltransferases RlmN

and Cfr revealed a novel radical-associated mechanism for
methylation (67–69). Cfr methylates the C8 atom of adenosine
2503 of 23 S rRNA located in the peptidyl transferase center of
the bacterial large ribosomal subunit. Such a modification con-
fers resistance on bacteria to five classes of antibiotics that act
upon the peptidyl transferase center (70). On the other hand,
RlmNmethylates theC2 position of the same nucleotide (aden-
osine 2503), which is a housekeeping modification that is
important in translational fidelity and the nascent peptide
response (71, 72). The electrophilic imine carbon of the C2 and
C8 of adenine seems to preclude the Sn2-type methylation
mechanism. Indeed, both RlmN and Cfr contain the character-
istic CXXXCXXC motifs, and their radical AdoMet chemistry
has been demonstrated by in vitro analyses using complete 23 S

FIGURE 3. Radical-mediated methylation of aromatic heterocycles. A, RNA adenine methylation catalyzed by RlmN. B, C2� methylation of L-Trp, possibly
involving catalysis by the radical AdoMet methyltransferase TsrT (TsrM), proceeds with the net retention of the methyl group configuration.
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rRNA, RNA fragments, and even small nucleotide oligomers as
substrates (67–69).
Elegant labeling studies have been performed independently

by two laboratories. Yan and Fujimori (68) used deuterated
AdoMet ([methyl-2H3]AdoMet) and adenine C2-deuterated
rRNA fragments for assay, whereas Grove et al. (69) used
[methyl-2H3]AdoMet and deuterated protein that was pro-
duced in and isolated from an E. coli methionine auxotroph
cultured in the presence of [methyl-2H3]methionine. Both sets
of data are consistent with an unprecedented protein-based
radical mechanism for methylation (Fig. 3A). During catalysis,
the protein initially undergoesmethylation by the first AdoMet
molecule, possibly via a typical Sn2 mechanism at a conserved
cysteine residue (Cys-355 in RlmN), to result in a methylthio
group. The Ado radical produced by reductive cleavage of the
secondAdoMetmolecule then abstracts a hydrogen atom from
the methylthio group, generating a protein-based methylene
radical that initiates the radical-based methyl transfer. This
mechanism was strongly supported by the observation of the
methylated Cys-355 residue in the RlmN crystal structure (73).
Further studies are expected to reveal how the protein is meth-
ylated by the first AdoMetmolecule and how the catalytic turn-
over proceeds. It should also be kept in mind that this strategy
for radical methylation of aromatic heterocyclesmay not be the
only one. The C2� methylation of tryptophan in thiostrepton
biosynthesis, whichmay also employ radical chemistry (74, 75),
does not involve a methylene intermediate, as the reactions
proceedwith net retention of themethyl group configuration of
AdoMet (Fig. 3B) (76–78). In addition, the methyl group of
L-[methyl-13C,2H3]methionine is incorporated with complete
retention of all three deuterium atoms (77). Of course, the
mechanism of this methylation is another fascinating enigma
that remains to be solved.

Conclusion and Outlook

The radical AdoMet superfamily is well known for its
remarkable catalytic diversity. This was reinforced by recent
studies on the characterization of several complex and chemi-
cally unusual transformations. Understanding the mechanism
of these intriguing transformations will certainly enrich our
knowledge about enzymology and radical chemistry. As dis-
cussed above, various strategies can be employed to dissect the
enzymatic process. Besides isotopic labeling, which is invari-
ably one of themost powerful tools formechanistic study, other
methods, such as trapping and/or detection of intermediates
during catalysis, can also provide important clues. Because of
the complexity of the catalytic pathway and the extremely short
lifetime of radical intermediates, the comprehensive elucida-
tion of the detailed catalytic process seems to be a considerable
challenge. Computational studies and comparative analysis
may thus be helpful to address the mechanistic proposal in
some cases. Althoughmany mechanistic aspects still await elu-
cidation, characterization of these biotransformations provides
us with excellent platforms to understand the elegance and
sophistication of radical biochemistry. Given the enormous
number of functionally uncharacterized radical AdoMet
enzymes identified in myriad pathways, one may expect that

more and more novel examples of radical AdoMet chemistry
will be revealed and appreciated in the future.
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Search for the word “asthma” in the archives of the Journal of
Biological Chemistry (JBC), and more than 900 matches will
come up. That is a testament to the role that JBC authors have
played and today are playing in the pursuit of a better under-
standing of the molecular roots of the illness and, ultimately,
improved therapies for asthma sufferers.
Asthma is said to have been first identified and named by

Hippocrates around 450 B.C., but, for centuries, it was misun-
derstood and, in some cases, was even attributed to psycholog-
ical and emotional instability. Although most people today are
familiar with the trademark symptoms of asthma (wheezing,
coughing, breathlessness, chest tightness) from chronically
inflamed airways and passageway spasms, the reality, according
to the Centers for Disease Control and Prevention, is that “in
most cases, we don’t know what causes asthma, and we don’t
know how to cure it.”
According to the American Asthma Foundation, the condi-

tion afflicts about 23million in theUnited States, and it is one of
the most common long-term diseases in children. Most asth-
matics use bronchodilators, which reverse airway smoothmus-
cle contraction, and anti-inflammatory drugs, which suppress
airway inflammation, but many patients do not respond well to
existing therapies.
Shortly before his untimely death in late 2010, JBC Associate

Editor Dale J. Benos conceived of this thematic minireview series
on the molecular bases of asthma in recognition of important
advances that have been made and the important questions that
continue to be raised in the pages of JBC. Research into asthma
crosses into multiple fields, including immunology, gene expres-
sion, signal transduction, and ion channel regulation. It is with
great pleasure that we present here the first four parts commis-
sioned by our esteemed colleagueDr. Benos and later shepherded
by Associate Editor Luke O’Neill. Additional installments in the
series will be published in the near future.
In the first minireview, Miguel A. Valverde, Gerard Cantero-

Recasens, Anna Garcia-Elias, Carole Jung, Amado Carreras-
Sureda, and Rubén Vicente write about ion channels, the special-
ized transmembrane proteins that regulate the flow of ions across
membranesanddetermine the tissuephysiology thatunderlies the
development of asthma symptoms.The authors stress, “Asthma is
adisorderpresentingdysfunctional elements at all cellular levels in
the airways, and ion channels regulate, one way or another, the
function of all airways cells.” Theminireview covers animal mod-
els, molecular and genetic studies, and clinical observations that
relate ion channel activity to the pathogenesis of asthma.

Although many candidate genes have been linked to asthma
through various means, including animal models, linkage anal-
yses, and genome-wide association studies, the “allergic” ori-
gins of the disease remain poorly defined. Allergic asthma, the
prototypical form that is addressed in clinical studies, is gener-
ally construed as a syndrome resulting from the interaction
between genetic and environmental factors. The second mini-
review, by Anil B. Mukherjee and Zhongjian Zhang, discusses
the current knowledge base for how genetic and environmental
factors culminate in allergic asthma. The authors note that the
experimental modeling of allergic responses in asthma is prob-
lematic. “In contrast with the animal models in which T-helper
2 (TH2) cell response is the dominant feature, in human asthma,
an initial exposure to allergen results in TH2-dependent stimu-
lation of the immune response that mediates the production of
IgE and cytokines,” the authors write. “Re-exposure to allergen
then activates mast cells, which release mediators such as his-
tamines and leukotrienes that recruit other cells, including TH2
cells, which mediate the inflammatory response in the lungs.”
The complex array of signaling reactions that underlie asthma
are not easily reduced to commonly used aspects of animal
models.
The thirdminireview also discusses certain aspects of allergic

asthma and attempts to consider the implications of elevated
IgE levels and increased IgE sensitization as disease hallmarks.
IgE binding to high-affinity Fc�RI and the low-affinity Fc�RII/
CD23 receptors must be considered in the proper context. “A
substantial network of signaling molecules and adaptor pro-
teins that function downstream of Fc�RI activation has been
defined,” writes author Lawren C. Wu. The author considers
elucidation of the cell andmembrane biology of Fc�RI signaling
an important goal of future research. Additional points for
investigation include “novel cell surface and intracellular medi-
ators of Fc�RI activation, mechanisms of intracellular calcium
signaling, and new inhibitory proteins that negatively regulate
parts of the signaling network downstreamof Fc�RI activation.”

In the fourth minireview, author Peter J. Barnes covers sig-
naling pathways involved in existing and quite effective thera-
pies. “�2-Adrenergic receptor (�2AR) agonists are the most
effective bronchodilators and relax airway smooth muscle cells
through increased cyclic AMP concentrations and directly
opening large conductance Ca2� channels,” Barnes explains.
Meanwhile, glucocorticoids are “themost effective anti-inflam-
matory treatments and switch off multiple activated inflamma-
tory genes through recruitment of histone deacetylase-2, acti-
vating anti-inflammatory genes, and through increasingmRNA
stability of inflammatory genes.” Barnes writes that our rela-
tively good understanding of how current asthma therapies

* This minireview will be reprinted in the 2011 Minireview Compendium,
which will be available in January, 2012. The last two articles in this series
will be published in a later issue.
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work, in terms of their biochemical mechanisms, opens the
door to both tweaks to existing treatments and invention of
entirely new ones in the future.
As others have before it, this thematicminireview series aims

to link biochemical processes to the understanding of an
important clinical challenge. Over the past half-century, both
the incidence and the severity of asthma have increased world-
wide, further burdening public health service providers in devel-
oped and developing nations alike. Still forthcoming in this the-
matic series areminireviewscoveringexercise-inducedasthma,by

Lisa M. Schwiebert, and myeloid-derived regulatory cells and
redox control in asthma, by David D. Chaplin. We hope that you
will find the collection and its authors’ insights useful.

Acknowledgments—This thematic minireview series was initiated by
the late Journal of Biological Chemistry Associate Editor Dale Benos
and brought to fruition by Associate Editor Luke O’Neill. This intro-
duction to the series was compiled and composed by Angela Hopp.
Correspondence regarding the series should be directed to Dr. O’Neill
at loneill@asbmb.org.
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Ion channels are specialized transmembrane proteins that
permit the passive flow of ions following their electrochemical
gradients. In the airways, ion channels participate in theproduc-
tion of epithelium-based hydroelectrolytic secretions and in the
control of intracellular Ca2� levels that will ultimately activate
almost all lung cells, either resident or circulating. Thus, ion
channels have been the center of many studies aiming to under-
stand asthma pathophysiological mechanisms or to identify
therapeutic targets for better control of the disease. In thismini-
review, we focus on molecular, genetic, and animal model stud-
ies associating ion channels with asthma.

Asthma is an inflammatory disorder of the conducting air-
ways that is characterized by generalized reversible obstruction
of the airflow and affects between 1 and 18% of the population
depending on the country (1). Asthma etiology is complex and
multifactorial in that both a hereditary component (one or
more containing genetic variations that enhance susceptibility)
and the environment participate (2, 3). Chronic inflammation is
associated with bronchial hyper-responsiveness (BHR),2 which
leads to recurrent episodes of shortness of breath, coughing,
and wheezing. At the pathophysiological level, asthma results
from complex biological interactions between different cell
types, both resident (i.e. epithelial and smoothmuscle cells) and
circulating (mainly immune cells), and environmental factors
such as allergens, infections, and tobacco smoke (1, 4). A key
element in this pathophysiological process is the T-helper 2
(TH2) cell, which orchestrates chronic inflammation, smooth
muscle contraction, and airway remodeling (3, 4). Another key
feature is a defective airway epithelium, facilitating allergen
contact with mucosal antigen-presenting dendritic cells (DCs),

which in turns will promote a TH2 cell phenotype (5, 6). Other
immune cells such as B lymphocytes, mast cells, and eosino-
phils as well as sensory neurons innervating the airway and
endothelial cells involved in vascular permeation also partici-
pate (7–10).
Ion channels regulate many key functions of the cells impli-

cated in asthma pathophysiology (Fig. 1). Therefore, intense
research on the channel contribution to the genesis or therapy
of the disease has been carried out over the last 30 years. Similar
to asthma pathogenesis, which has moved from an intrinsic
airway smooth muscle (ASM) abnormality to an autonomous
nervous system dysfunction to the present-day inflammatory
disorder, the role of ion channels in asthma has also evolved.
The initial interest in ion channels was classically centered on
their role in ASM contraction. Following the identification of
voltage-gated Ca2� channels (VGCCs) responsible for smooth
and cardiac muscle contraction and their pharmacological
inhibition in the 1970s (11), these channels were capitalized on
in early asthma studies (12, 13). Interest then focused on the
potassium channels that modify membrane potential and, con-
sequently, the activation of VGCCs in smooth muscle (14, 15).
Because of their crucial involvement in many airway epithelial
functions and smooth muscle contraction (16–19), chloride
channels have also appeared recurrently in asthma studies.
Nowadays, the focus has moved away from ASM channels
toward those involved in sensing irritants or the inflammatory
response, particularly, the nonselective cationic transient
receptor potential (TRP) channels (20, 21).
Additional support for the role of ion transport in the patho-

genesis of asthma has recently and unexpectedly come from a
genetic association study. A genome-wide association study of
childhood asthma showed the strongest and almost exclusive
association with the ORMDL3 gene (22). The product of this
gene is an endoplasmic reticulum (ER) protein that participates
in ER-mediated Ca2� homeostasis and stress responses (23).
There are many channels in airway cells that have been ana-
lyzed, the function of whichmay contribute to the disorder, but
because of the short format of this minireview, we focus pri-
marily on those ion channels whose association with asthma
pathogenesis or its clinicalmanifestations has been evaluated in
molecular, genetic, or animal model studies.

Epithelial Ion Channels

Early observations carried out in asthmatic patients revealed
the presence of a damaged epithelium (24), whichmay facilitate
the permeability of the airways to inhaled irritants, allergens,
and pathogens as well as the exposure of sensory nerves and the
release of inflammatory mediators. Currently, it is postulated
that allergen sensitization may well be the consequence of a
defective airway epithelium (5, 6), leading to inappropriate pro-
gramming of mucosal DCs (25, 26). An important factor that
contributes to an impaired barrier function is the presence of
defective epithelial tight junction formation or epithelial repair
mechanisms. Both processes appear to be influenced by ion
transport systems that may work independently of their trans-

* This work was supported in part by Grants SAF2009-09848 and Red
HERACLES RD06/0009 from Spanish Ministry of Science and Innovation/
Fondos Europeos de Desarrollo Regional (FEDER) Plan E, Grant 2009SGR-
1369 from the Generalitat de Catalunya, and Grants 080430 (to M. A. V.)
and SAF2010-16725 (to R. V.) from the Fundació la Marató de TV3. This is
the first article in the Thematic Minireview Series on Molecular Bases of
Disease: Asthma. This minireview will be reprinted in the 2011 Minireview
Compendium, which will be available in January, 2012.
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academia award. To whom correspondence should be addressed. E-mail:
miguel.valverde@upf.edu.

2 The abbreviations used are: BHR, bronchial hyper-responsiveness; TH2,
T-helper 2; DC, dendritic cell; ASM, airway smooth muscle; VGCC, voltage-
gated Ca2� channel; TRP, transient receptor potential; ER, endoplasmic
reticulum; CFTR, cystic fibrosis transmembrane conductance regulator;
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SOCE, store-operated Ca2� entry; KO, knock-out.
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port function (27, 28). In the airways, several ion channels have
been linked to tight junction formation, epithelial permeability,
or repair: the cystic fibrosis transmembrane conductance reg-
ulator (CFTR) (29, 30) and the Kv7.1 (KCNQ1), Kir6.1 (KATP),
and KCa3.1 (KCNN4) potassium channels (31). Other channels
that are also expressed in airway epithelia, although their roles
in epithelial barrier or repair functions have been demonstrated
elsewhere, include ClC2 (32), TRPC1 (33), TRPV4 (34), and
TRPC4 (35). Considering that these ion channel-dependent cell
processes are common denominators in asthma pathophysiol-
ogy, their study (eithermeasuring function or expression levels)
in asthmatic airways or in animal models may provide novel
insights into the pathogenesis of the disorder.
The sensory neuron TRPV1 channel (the founding member

of the vanilloid subfamily of TRP channels (36)) has also been
detected in immortalized human airway epithelial cell lines and
implicated in particulate matter-induced apoptosis (37),
thereby affecting the integrity of the epithelial barrier. How-
ever, no response to capsaicin, the classical TRPV1 activator,
has been observed in native mouse tracheal epithelial cells (Fig.
2). It would be interesting to test whether the native human
airway epithelium expresses functional TRPV1 channels.
TRPM8, a member of the TRPM subfamily (melastatin) that

functions as a cold transducer in the somatosensory system (38,
39), mediates cold-dependent increased transcription of epi-
thelial cytokine and chemokine genes (40) and may therefore

FIGURE 1. Ion channels and asthma. This schematic overview of the different airway cells shows the ion channels associated with asthma pathophysiology or
its clinical symptoms. See text for a detailed explanation.

FIGURE 2. Calcium responses to activators of TRPV1 and purinergic recep-
tors in mouse tracheal ciliated cells. Shown are average calcium increases
measured with the Ca2� sensor Fura-2 in a primary culture of mouse tracheal cells
exposed to two different concentrations (100 nM and 1�M) of the TRPV1 activator
capsaicin. Under these conditions, ciliated epithelial cells did not respond to cap-
saicin but did respond to ATP (20 �M), a typical physiological activator of puriner-
gic receptors. Results are expressed as the mean � S.E. of 10 cells.
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participate in the cold-induced aggravation of respiratory
symptoms and asthma (41).
Other functions of conducting airway epithelia related to

hydroelectrolytic transport, osmomechanical responses, and
mucociliary clearance are also linked to the activity of ion chan-
nels and/or intracellular calcium signaling (16, 42–47). Of par-
ticular interest for airway pathophysiology are the CFTR Cl�
channel and the epithelial Na� channel (ENaC). Mutations in
the CFTR gene result in cystic fibrosis, a disease characterized
by altered Cl� and Na� channel activities that result in airway
mucus obstruction, infection, and inflammation (48). CFTR
and ENaC channels participate in fluid secretion and reabsorp-
tion, thereby controlling the volume and composition of the
airway surface liquid, which in turns affects ciliary beating and
mucociliary clearance (49). Defects in airway cilia (structural or
functional) affect the incidence of respiratory infection, but the
presence of primary mucociliary dysfunction in asthmatics is
still amatter of debate, probably beingmore relevant to chronic
obstructive pulmonary disease (50). Transgenic �ENaCmouse
models present many characteristics of the airway inflamma-
tory response in the absence of pathogens (51), and reduced
expression of all ENaC subunits has been found in preterm
infants with respiratory distress (52). To date, there is no evi-
dence for a direct association between ENaCorCFTRmalfunc-
tioning and asthma, apart for one study that associated several
CFTR mutations with asthma, although those mutations were
also found in healthy individuals, and subsequent studies did
not support the original findings (53). Other airway epithelial
channels have also been the subject of genetic epidemiological
studies. A loss-of-function SNP (54) in the TRPV4 channel
involved in ciliary beating frequency regulation (46, 55) has
shown no association with asthma (56) but was associated with
chronic obstructive pulmonary disease (57) and hyponatremia
(54).

ASM Ion Channels

ASM controls airflow through the conducting airways. Its
contraction reduces airflow, whereas relaxation facilitates it.
ASM plays a central role in BHR and remodeling (58) and has
being the subject of intense research to identify the molecular
mechanisms participating in its contraction, proliferation, and
migration. Ion channels facilitating ASM contraction aim to
increase overall intracellular Ca2� concentration (e.g. VGCCs
(59)), whereas those favoring bronchodilatation generally pro-
duce the opposite effect (e.g. potassium channels (60)). The role
of ion channels in ASM contraction and asthma pathophysiol-
ogy has been critically reviewed (61, 62), and the initial empha-
sis on VGCC blockers and potassium channel openers has not
beenwarranted by their success in clinical trials (Refs. 14 and 63
and references within).
ASM presents voltage-dependent L-type (Cav1) and T-type

(Cav3) Ca2� channels (59). Activation of L-type channels fol-
lowing membrane depolarization (and their interplay with
ryanodine receptors in the ER) triggers an increase in [Ca2�]
and ASM contraction. Interestingly, the regulatory �-subunit
of the L-type channel (CACNG6), which stabilizes the inactiva-
tion of the channel, has been recently associated with aspirin-
intolerant asthma in a Korean population (64).

Potassium channels contribute to the relaxation of ASM by
hyperpolarizing the membrane potential and thereby prevent-
ing the activation of VGCCs. Electrophysiological and molecu-
lar approaches have facilitated the identification of several K�

channels in ASM (although for some, only indirect evidence
exists): Ca2�-activated K� channels (KCa), voltage-activated
K� channels (Kv), and ATP-sensitive K� channels (KATP) (65–
68). Despite their clear contribution to ASM physiology, evi-
dence for their involvement in asthma pathophysiology is
scant. Loss-of-function SNPs of the regulatory �1-subunit
(KCNMB1) of the pore-forming �-subunit of the voltage-
and Ca2�-activated large conductance K� channel (KCa1.1,
KCNMA1; also known as BK) have been associated with
asthma severity in African Americans (69). However, a BK
channel-deficient mouse model presented an unexpected
reduced (rather than increased) ASM contractility due to a
compensatory up-regulation of the cGMP pathway, whichmay
reflect the important role of BK channels in ASM contraction
(70). BK channel impact on ASM relaxation has received fur-
ther support from a very recent study showing that bitter tas-
tants activate BK channels and relax the airways of a asthma
mouse model with higher efficacy than the currently used
�-agonists (71). In addition to regulating ASM contraction, the
KCa3.1 channel (also known as KCNN4 or IKCa) has also been
implicated inASMproliferation, being up-regulated by TGF-�,
a regulatory process that is more pronounced in asthmatics
(66). Pharmacological inhibition of KCa3.1 prevents prolifera-
tion of ASM (66, 72) and modulates the function of KCa3.1-
expressing immune cells (see below). Another ASM K�

channel relevant to asthma pathophysiology is KCNS3, a non-
conducting �-subunit Kv9.3 channel with a regulatory function
in Kv2.1 (KCNB1) channels. Different SNPs in KCNS3 have
been associatedwith airway hyper-responsiveness, although no
functional dysregulation has been proven (73).
Several TRP channels have also been identified in ASM (20,

74), but only those contributing to BHR and/or remodeling are
discussed. Most TRP channels are nonselective channels that
mediate intracellularCa2� increases either directly or viamem-
brane depolarization and activation of VGCCs. The TRPC1
channel contributes to ASM proliferation (75) and presumably
airway thickening, whereas the main role of the TRPC3 and
TRPC6 channels relates to ASM contraction (76, 77). In addi-
tion, TRPC3 expression in ASM increases in the ovalbumin-
sensitized asthmatic mouse model (76) and in response to the
proinflammatory cytokine TNF-� (78), which raises the ques-
tion of whether the efficacy of TNF-� antagonists in the treat-
ment of asthma (79) may also involve TRPC3.

Ion Channels in Immune Cells

As in many other cells, the main function of ion channels in
immune cells is to control cytosolic Ca2� signals, which in turn
will regulate short-term (i.e.mast cell degranulation) and long-
term (i.e. T cell proliferation and cytokine production) cellular
responses (80). Particularly relevant is the Ca2� entry mecha-
nism (the calcium release-activated current (CRAC) (81)) trig-
gered by the cross-linking of antigen receptors, activation of the
phospholipase C/inositol trisphosphate pathway, and the sub-
sequent depletion of ER Ca2� stores. This event, termed store-
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operated Ca2� entry (SOCE), relies on two recently discovered
elements: the ER Ca2� sensor STIM, which communicates to
the plasmamembrane Ca2� channel Orai the need to replenish
the intracellular store (82). Considering the key role played by
immune cells in asthma pathogenesis and that their activation
is typically link to SOCEmechanisms, it is surprising that only a
few studies have focused on SOCE in the context of immune
cell function in asthma. Blocking CRAC prevents TH2 cell-me-
diated responses in a murine model of asthma (83), whereas
mast cells derived from STIM1 knock-out (KO) and Orai1-KO
mice present defective degranulation and activation of tran-
scription factors NF-AT and NF-�B (84, 85).
The function of many other ion channels in immune cells is

principally to regulate CRAC by modulating the driving force
for calcium entry through Orai channels. Potassium channel
activation hyperpolarizes the cell membrane potential, thereby
favoring Ca2� entry via channels other than VGCCs, whereas
K� channel inhibition prevents it. Both voltage-dependent
(Kv1.3) and Ca2�-dependent (KCa3.1) K� channels regulate T
cell activation and proliferation (86, 87), and the latter have also
been involved in mast cell IgE-mediated histamine release (88).
TRP channels are involved in different immune cell func-

tions with relevance to asthma pathophysiology. TRPC6-KO
mice show reduced airway eosinophilia, blood IgE levels, and
TH2 cytokines (IL-5 and IL-13), resulting in a decreased allergic
airway response (77). The Ca2�-activated nonselective cation
channel TRPM4 contributes to membrane depolarization,
thereby reducing SOCE due to a smaller Ca2�-driving force
after Fc� receptor I stimulation of mast cells or chemokines in
the case of DCs. Thus, TRPM4-KOmice show increased SOCE
with a more severe IgE-mediated acute passive response (89)
and altered migration of DCs (90).
To conclude, it is worth mentioning the unexpected but

interesting role of Cav1.2 in TH2 cytokine production and
development of airway inflammation. Cav1.2 knockdown ame-
liorates the asthma induced in murine models (91).

Ion Channels in Sensory Nerves

Nerves innervating the lung control different aspects of the
airway physiology: gland secretions, epithelial transport, dila-
tion of vessels, and ASM contraction. Nerves also mediate dif-
ferent reflex responses, coughing and sneezing, aiming to pro-
tect the airways from chemical and biological challenges (92).
The vagus nerve provides most of the nerves that innervate the
airways (sensory and parasympathetic nerves), whereas sympa-
thetic innervation comes from the spinal cord. Most important
for asthma pathophysiology and several of its manifestations
are the sensory nerves whose cells bodies are located in the
nodose, jugular, and dorsal root ganglia. Abnormal neuronal
function may contribute to airway disease. Stimulation of sen-
sory terminals triggers protective reflex responses that, when
occurring in the lower airways, may even produce bronchocon-
striction and neurogenic inflammation by the release of inflam-
matory mediators. TRP channels are implicated in the detec-
tion and initiation of reflex responses to chemicals and are
postulated to play a role in the pathogenesis of chronic respira-
tory diseases. TRPV1 activity has been related to neurogenic
inflammation (93), irritant-induced chronic coughing (94), and

airway hypersensitivity (95). In addition, a loss-of-function
mutation in TRPV1 is associated with a lower risk of presenting
with wheezing and coughing in asthmatic children (56).
Another TRP channel that has received considerable attention
in recent times is TRPA1, as this channel appears tomediate the
airway response to many different toxic gases and irritants,
including cigarette smoke (96), nicotine (97), oxidants (98),
heavy metals (99), and general anesthetics (100). TRPA1 acti-
vation evokes coughing in animal models and humans (101),
andmore impressively, TRPA1-KOmice show an alleviation of
the inflammatory processes triggered by allergens in the
ovalbumin model of asthma (102).

Conclusions

Asthma is a disorder presenting dysfunctional elements at all
cellular levels in the airways, and ion channels regulate, oneway
or another, the function of all airway cells. The emphasis of ion
channel research in asthmahas been centered for a long timeon
ASM and immune cell channels, but it is now shifting toward
the sensory channels of the nerves. Although ASM channel
pharmacology has not been effective to date, the challenge now
is to use the ion channels recently identified as key elements in
asthma pathogenesis and responses to environmental factors as
targets for the development of new pharmacological tools for
novel and improved treatments.
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Allergic asthma is a chronic airway inflammatory disease in
which exposure to allergens causes intermittent attacks of
breathlessness, airway hyper-reactivity, wheezing, and cough-
ing. Allergic asthma has been called a “syndrome” resulting
from a complex interplay between genetic and environmental
factors. Worldwide, >300 million individuals are affected by
this disease, and in the United States alone, it is estimated that
>35 million people, mostly children, suffer from asthma.
Although animal models, linkage analyses, and genome-wide
association studies have identified numerous candidate genes, a
solid definition of allergic asthmahas not yet emerged; however,
such studies have contributed to our understanding of the mul-
tiple pathways to this syndrome. In contrast with animal mod-
els, in which T-helper 2 (TH2) cell response is the dominant
feature, in human asthma, an initial exposure to allergen results
in TH2 cell-dependent stimulation of the immune response that
mediates the production of IgE and cytokines. Re-exposure to
allergen then activates mast cells, which release mediators such
as histamines and leukotrienes that recruit other cells, including
TH2 cells, which mediate the inflammatory response in the
lungs. In this minireview, we discuss the current understanding
of how associated genetic and environmental factors increase
the complexity of allergic asthma and the challenges allergic
asthma poses for the development of novel approaches to effec-
tive treatment and prevention.

Allergic Asthma: A Complex Syndrome

Asthma is a highly prevalent (330 million people affected
worldwide) chronic inflammatory disease of the conducting
airways of the respiratory system (American Academy of
Allergy, Asthma and Immunology and reviewed in Ref. 2). It is
a complex syndrome in which allergen exposure often induces
intermittent attacks of breathlessness, airway hyper-reactivity,
wheezing, and coughing (3). During the past 6 decades, the
worldwide incidence and severity of asthma have steadily
increased. Allergic asthma is one aspect of atopic disease, which
is also increasing. This disease has become an expanding bur-

den on public health services in both industrialized and devel-
oping countries (1–6). It is estimated that �35 million people
in the United States alone develop asthma during their lifetime,
and more than three-fourths of these individuals suffer from
allergies (1, 5). During the past 3 decades, much has been
learned about the pathogenesis of allergen-induced airway
inflammation, which is recognized as one of the predominant
underlying causes of allergic asthma. Currently, it is recognized
that allergic asthma is a complex disease that results from inter-
actions between multiple genetic and environmental factors
(7). Moreover, the advances in molecular genetics and the use
of animalmodels have advanced our understanding of the path-
ogenicmechanism(s) of various aspects of this complex disease,
and it is expected that further advance in this area will facilitate
the development of novel and more effective therapeutic
approaches. It should be noted, however, that the mouse mod-
els of allergic asthma do not exactly replicate the human dis-
ease. In contrast to the mouse models, in which T-helper 2
(TH2)2 cell response is the dominant feature, the pathogenesis
of human allergic asthma involves an initial exposure to an
allergen that results in TH2 cell-dependent stimulation of the
immune response that mediates the production of IgE and
cytokines. Repeated exposure to allergen then activates mast
cells, which release mediators that facilitate recruitment of
other cell types, including TH2 cells, whichmediate the inflam-
matory response in the airways (reviewed in Ref. 8). Thus,
although the TH2 axis plays a critical role in initiating the IgE
response and airway inflammation, the presence of allergen-
specific IgE does not necessarily culminate in asthma. In this
minireview, we discuss what makes allergic asthma a complex
disease in which genetic and environmental factors merge to
cause pathogenesis.

Current Understanding of Allergic Asthma Pathogenesis

Although several types of asthma have been recognized clin-
ically, allergic asthma is the most common form of the disease
(reviewed in Ref. 9). In susceptible individuals, the initiation of
allergen sensitivity occurs at the mucosal surfaces, where envi-
ronmental allergens meet the mucosal epithelia. The interac-
tion of inhaled allergen(s) with sensitized immune cells in the
airway results in allergic asthma. Allergic rhinitis, atopic der-
matitis, and asthma, which constitute atopic conditions, occur
in individuals with markedly increased levels of IgE antibodies
(10). The expression of high-affinity (Fc�RI) and low-affinity
(Fc�RII; CD23) IgE receptors occurs in a wide variety of cell
types, including dendritic cells (DCs) and B cells (Fig. 1). IgE
bound to these receptors on B cells and DCs facilitates the
uptake of allergen by these cells, promoting allergen presenta-
tion to T cells, which mediate secondary immune responses.
The majority of IgE is bound by Fc�RI on mast cells as well as
basophils, and IgE-bound Fc�RI cross-linking by a specific anti-* This work was supported by the National Institutes of Health Intramural
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gen mediates the release of inflammatory mediators (e.g. hista-
mine and leukotrienes) by mast cells (Fig. 1), leading to the
inflammatory response. The regulation of IgE production and
its relationship to the development of TH2 cells that drive IgE
responses have been reviewed (8). An enhanced tendency
toward airway hyper-reactivity (AHR) culminating in bronchial
smoothmuscle contraction, characteristically found in patients
with asthma, is often linked to high IgE levels (11). Moreover, it
has been reported that, in cohorts of children with asthma and
physiologic evidence of AHR, high serum levels of IgE are
detectable (12). Although, in both animal models and humans,
some component of asthmatic pathophysiology, especially
acute reactions to allergen, may be IgE-mediated, the other fea-
tures of this disease may arise independently of IgE. Thus, in
atopic families, inhalation of allergens and subsequent produc-
tion of IgE are associatedwith predisposition to allergic asthma.
Furthermore, it is likely that IgE participates in triggering mast
cell-mediated acute- and late-phase airflow obstruction (10).
Allergen exposure also triggers activation of bone marrow-de-
rived andnon-bonemarrow-derived cells of the innate immune
system, which eventually leads to the secretion of various cyto-
kines (3). The recruitment of antigen-processing cells, most
likely monocyte-derived DCs, initiates the pathway to inflam-

mation. Recently, it was reported that basophils may also be
involved in certain situations. Moreover, it has been reported
that, in the airways of patients with asthma and especially in
those patients suffering from allergic asthma, allergen-specific
TH2 cells are readily detectable (13). Recently, several excellent
reviews were published on TH2 cell differentiation (14–17),
which may be referred to for detail knowledge on this subject.
TheTH2 cells secrete cytokines, which promote the synthesis of
allergen-specific IgE. These cytokines also promote presenta-
tion of antigens (allergens) to CD4� T cells, which facilitate
both DCs and T cells in eliciting TH2 cell responses (18, 19). In
addition, activated TH2 cells also secrete the cytokines IL-5,
IL-9 and IL-13, which facilitate the recruitment of eosinophils
and promote the growth of mast cells, respectively, ultimately
stimulating AHR, characteristically found in asthma (9, 20).
However, recent experiments indicate that TH2 cells fail to pro-
duce IL-4, IL-5, or IL-13 without CD11c� DCs (9, 21). Interest-
ingly, adoptively transferred, bone marrow-derived, antigen-
loaded DCs or DCs in lungs can induce the TH2 cell response
(22), suggesting that lungDCs are themajor antigen-presenting
cells (APCs) and are essential forTH2 cell response during aller-
gen-mediated airway inflammation.
In addition to the recruitment ofTH2 cells, allergen challenge

also facilitates the recruitment of other inflammatory cells such
as mast cells, basophils, and eosinophils. However, a recent
report indicates that, in addition to being inflammatory, these
cells also participate as APCs and initiate or enhance TH2 cell
responses (9). Among the three cell types,mast cells can initiate
immediate hypersensitivity responses by releasing histamines
in response to both IgE-mediated adaptive and innate immune
responses. Moreover, mast cells can be activated via cross-link-
ing of allergen-specific IgE (23) or via Toll-like receptor ligands
or cytokines such as IL-33 (24). Furthermore, in addition to
releasing histamines and cysteinyl leukotrienes, mast cells
secrete various cytokines such as IL-1, IL-3, IL-4, IL-5, IL-6,
IL-8, IL-10, IL-13, IL-16, TGF-�, and TNF-� and chemokines
such as TCA-3, RANTES, MCP-1, and MIP-1� (reviewed in
Ref. 25). In Fig. 2, the pathways that lead to allergic asthma are
summarized.

Genetic Susceptibility to Allergy and Asthma

As stated above, asthma and asthma-related syndromes are
complex diseases in which an interplay of strong genetic and
environmental components leads to pathogenesis (reviewed in
Refs. 7 and 26–32). It is well known that many individuals are
predisposed to developing allergic reactions to substances that
do not generally elicit immune response. These atopic individ-
uals are thought to be genetically predisposed to develop hyper-
sensitivity to substances such as pollens, antibiotics, and per-
fumes. Numerous studies have shown that atopy is familial in
nature. Elevated levels of IgE have been detected in patients
with allergic diseases (7), and IgE production is tightly con-
trolled. Recently, it was reported that NF-IL3, a transcriptional
regulator, may control IgE production (33). Early studies
reported the prevalence of allergic disease in first degree rela-
tives of affected individuals (34, 35). Subsequently, studies in
monozygotic and dizygotic twins have shown a positive corre-
lation with regard to allergic disease traits such as total serum

FIGURE 1. IgE-mediated allergic response. A wide variety of immune cells
such as DCs and B cells express the low-affinity IgE receptor, Fc�RII (CD23).
Uptake of allergen is mediated via IgE-bound Fc�RI and Fc�RII on APCs, aug-
menting secondary immune responses. The mast cells and basophils express
the high-affinity IgE receptor, Fc�RI, which binds IgE, and the cross-linking of
IgE-bound Fc�RI on these cells mediates release of proinflammatory media-
tors such as histamine, prostaglandins, leukotrienes, cytokines, and enzymes
that lead to biological manifestation of allergy (8).
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IgE levels, methacholine sensitivity in the lungs, and skin test
results being 2-fold higher among monozygotic twins than
dizygotic twins. Moreover, children of asthmatic parents are
more likely to develop asthma than those of parents without
any history of atopy. Studies on atopic disease in human and
animal populations have facilitated the identification of suscep-
tibility genes encoding class II MHC, Fc�RI�, RANTES, IL-4
receptor �, �-adrenergic receptor, T cell receptor �, and mast
cell chymase. Furthermore, evidence suggests that genetic loci
on human chromosomes 5, 6, and 11 are likely to harbor atopy
genes. A thorough review of the molecular genetics of allergic
diseases provides insight into the complexity of the atopic dis-
ease and why the identification of specific atopy genes remains
challenging (reviewed in Ref. 36).
During the past decade, knowledge on asthma genetics has

progressed significantly, and several genes or gene loci associ-
ated with asthma- and/or atopy-related syndromes have been

identified. However, most of these genes have only modest
effects, and the majority of these genes have not been system-
atically tested to determinewhether the results are replicable in
different populations. Several excellent reviews on the genetics
of allergy and asthma have been published (2, 7, 26–32). In this
minireview, we discuss only those genes that have shown func-
tional and immunological links for susceptibility to asthma and
allergy. In general, asthma susceptibility genes are classified
into fourmain groups (reviewed inRefs. 7, 26, and 32): (i) innate
immunity and immunoregulatory genes; (ii) genes associated
with TH2 cell differentiation and effector functions; (iii) genes
associated with mucosal immunity and epithelial biology; and
(iv) genes linked to lung function, airway remodeling, and
severity of the disease (7, 26, 32). The interactions among the
genes in the first three groups and those identified by positional
cloning have been reviewed in detail (32) and are summarized
in Fig. 3. The genes included in the first group have been dis-
covered through association studies and are thought to be
involved in triggering the immune response and stimulating
differentiation of CD4�Thelper cells. These genes encode pat-
tern recognition receptors CD14 (monocyte differentiation
antigen 14), NOD1 (nucleotide-binding, oligomerization
domain-containing 1), NOD2, TLR2 (Toll-like receptor 2),
TLR4, TLR6, and TLR10; cytokines regulating immune
responses such as TGF-�1 and IL-10; the transcription factor
STAT3 (signal transducer and activator of transcription 3);
molecules that facilitate antigen presentation such as theHLA-
DR, HLA-DP, and HLA-DQ alleles; and the prostaglandin
receptor. Asthma susceptibility genes that belong to the second
group regulate TH2 cell differentiation and TH2 cell effector
functions (26): FCER1B, GATA3 (GATA-binding protein 3),
IL4, IL4RA (interleukin-4 receptor�-chain), IL5, IL5RA, IL12B,
IL13, STAT6, andTBX21 (T-box 21; also known as T-bet). Sev-
eral genes are expressed in epithelial cells and are included in
the third group. These genes encode chemokines CCL5 (CC
chemokine ligand 5), CCL11, CCL24, and CCL26; factors
involved in maintaining the integrity of the epithelial cell bar-
rier (FLG (filaggrin) and SPINK5 (serine protease inhibitor
Kazal-type 5)); antimicrobial peptide DEFB1 (defensin �1); and
anti-inflammatory protein CC10/CC16 (Clara cell-specific 16
kDa protein; also known as SCGB1A1 and uteroglobin). The
fourth group of asthma susceptibility genes has been identified
by positional cloning. It includes ADAM33 (a disintegrin and
metalloproteinase domain 33), COL29A1 (collagen type XXIX
�-1; also calledCOL6A5 (collagen type VI�-5)),DPP10 (dipep-
tidyl peptidase 10), GPRA (G-protein-coupled receptor for
asthma susceptibility; also known as NPSR1 and GPRA154),
HLA-G, IRAKM (interleukin-1 receptor-associated kinase M),
and PHF11 (plant homeodomain finger protein 11), which are
expressed in the epithelium and/or smooth muscle cells.
Several genes (including ADAM33, DPP10, PHF11, TIM-1,

GPRA, OPN3, ORMDL3, and PDE4D) that are associated with
atopy and asthma have been identified via association studies
and positional cloning (37). The genes encoding the T cell
immunoglobulin domain, the mucin-like domain (TIM) family
(38, 39), andADAM33 on human chromosome 20p13 are asso-
ciated with asthma and AHR (40). In addition to association
studies and positional cloning, genome-wide association stud-

FIGURE 2. Possible pathways to allergic asthma. Allergens reaching the
airways via inhaled air are taken up and processed by DCs that are primed by
thymic stromal lymphopoietin (TSLP) secreted by airway epithelial cells.
These allergens also cause the mast cells to release CCL17 and CCL22. CCL17
and CCL22 act on CCR4 (CC chemokine receptor 4), which mediates chemot-
actic migration of TH2 cells. TH2 cells play critical roles in orchestrating the
allergen-induced inflammatory response by releasing IL-4 and IL-13. These
interleukins also stimulate IgE production by B cells. These activated B cells
also produce IL-5 (required for eosinophilic inflammation) and IL-9 (stimula-
tor of mast cell proliferation). Airway epithelial cells release CCL11, stimulat-
ing recruitment of eosinophils via CCR3. Individuals suffering from allergic
asthma may have defective Treg cells, which favor further TH2 cell proliferation
and differentiation. Allergens also stimulate activation of sensitized mast cells
by cross-linking surface-bound IgE molecules. In turn, activated mast cells
secrete mediators of bronchoconstriction such as histamines, prostaglandin
D2, and cysteinyl leukotrienes (2).
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ies have also been carried out to identify asthma susceptibility
genes (27–32). This method utilizes SNPs for screening across
the whole genome to identify novel disease susceptibility genes
without the bias of prior knowledge. However, because of the
lack of biological correlates, in some instances, the genes
identified by this method have raised questions about the
true relevance of these genes to the disease (32). Three inde-
pendent reports were published recently (41–43) in which
asthma susceptibility genes were identified utilizing knowl-
edge from asthma genetics as well as asthma biology. As
stated above, most of the identified genes have not been
rigorously tested as to whether the results are replicable in
different populations.

Gene Expression in Allergic Airway Inflammation and
Allergic Asthma

Our knowledge of the allergen-mediated inflammatory
response in airwayshasbeengreatly advancedby the availability of
mousemodels of allergic asthma. The hallmark of allergic asthma

immunopathology is the infiltration of the airways by eosinophils
andTH2 cells (44). Recruitment of TH2 cells to the lungsmediates
the development of eosinophilic inflammation andAHR (9).Mice
can be sensitized to foreign antigens (allergens), including ovalbu-
min (OVA), by introducing this antigen combined with an adju-
vant such as alum (45). Immunization with OVA in alum causes
IgE and IgG1production.When subjected to repeated exposure to
the allergen, OVA-sensitized mice develop airway eosinophilia,
hyperplasia of mucus-secreting goblet cells, and AHR, which are
some of the characteristic features of allergic asthma.When these
changes occur chronically, they lead to airway remodeling (46),
which is also characteristically found in allergic asthma. It should
be noted that, although allergen-specific TH2 cells can be induced
inmice (26) and innon-humanprimates (47), there are substantial
differences between human and animal models of allergic airway
disease (reviewed in Ref. 48).
To characterize gene expression in allergic airway inflamma-

tion, gene microarrays have been used (49, 50). The profiling of

FIGURE 3. Genes identified by association studies or positional cloning. The genes that are associated with asthma/atopy are divided into four groups (26).
A, the first group of genes is associated with triggering the allergic response via differentiation of CD4� T helper cells. This group includes genes encoding
CD14, TLR2, TLR4, TLR6, TLR10, NOD1, and NOD2, which are known as pattern recognition receptors. This group also includes genes that encode immuno-
regulatory cytokines such as IL-10 and TGF-�1; the transcription factor STAT3; antigen-presenting facilitator genes such as the HLA-DR, HLA-DQ, and HLA-DP
alleles; and prostaglandin E receptor 2. B, the second group of genes includes GATA3, TBX21, IL4, IL13, IL4RA, FCER1B, IL5, IL5RA, STAT6, and IL12B, which regulate
TH2 cell differentiation and effector functions. C, the third group includes genes encoding chemokines CCL5, CCL11, CCL24, and CCL26; antimicrobial peptide
DEFB1; anti-inflammatory protein CC16 (also called UG); and factors responsible for maintaining the epithelial cell barrier such as SPINK5 and FLG. The
positional cloning method has been used to identify the following genes expressed in the epithelia and smooth muscles: ADAM33, COL29A1, DPP10, GPRA,
HLA-G, IRAKM, and PHF11 (26).
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gene expression by microarray has been used to characterize
asthma-related genes in both humans and mice (see Table 1 in
Ref. 51). The Gene Expression Omnibus (GEO) Database
(www.ncbi.nlm.nih.gov/geo/) contains data sets on gene expres-
sion in allergic asthmamodels, intratracheal treatment with IL-13
(called allergen-induced goblet cells), T cells from atopic and
asthma patients, allergen provocation in IL-13 knock-out mice,
asthma exacerbation factors, and other studies related to allergy.
The allergen-induced responses in allergic asthma are driven

predominantly by effector T cells, mostly by TH2 cells, which
are regulated by regulatory T (Treg) cells, and thus, both TH2
and Treg cells have been studied by gene expression profiling.
Microarray analyses of TH1 and TH2 cells differentiated from
cord blood T lymphocytes have enabled Rogge et al. (52) to
demonstrate that 215 of 6000 genes studied were differentially
expressed among the two T cell subsets. Studies with CD4� T
cells from patients with atopy or allergic asthma activated in
vitrohave showndifferential gene expression in the two types of
allergic disorders (53). Similar studies have facilitated discovery
of a family of genes called ephrins, which are associated with
allergic asthma pathology (54). Gene expression profiling using
Treg cells facilitated the discovery that IL-10 and ICOS (induc-
ible costimulator) promote regulation of effector cells (55).
Other investigations related to allergic inflammation have pro-
vided gene expression profiles using eosinophils (56) and baso-
phils (57). Similar studies were conducted on a transcriptome
level to determine the differentiation of DCs by contact aller-
gens that can also trigger airway inflammation andAHR (58). It
should be noted, however, that, although a vast amount of data
from investigations on gene expression profiles have been
amassed, only a small portion of this information has been used
to advance our knowledge on the molecular mechanism(s) of
allergic asthma. This may be due to the fact that the roles of
numerous transcription factors, signaling molecules, and
enzymes in allergic asthma have not yet been fully elucidated.
Thus, many recent studies have focused on gene expression
that could be associated with specific functions such as che-
motaxis, inflammation, and cytokine regulation.
One of the puzzling phenomena in allergic diseases, espe-

cially allergic asthma, is that, although our airways are exposed
to myriads of allergens on a daily basis, only a small percentage
of the world’s population suffers from allergic asthma. Thus,
although the incidence of allergic asthma continues to rise, the
majority of the world’s population manages to avert allergic
inflammatory diseases, including allergic asthma. Therefore, it
is likely that some genes constitutively expressed in the airways
maintain homeostasis in the mammalian respiratory system,
which suppresses the allergen-mediated inflammatory re-
sponse.An example of such a gene is uteroglobin (UG) (59), also
known as CC10 (60). UG is a secretory protein that manifests
immunomodulatory, anti-chemotactic, and anti-inflammatory
properties (reviewed in Ref. 61). This protein is produced and
secreted by the mucosal epithelia of all organs that communi-
cate with the external environment. Moreover, it is constitu-
tively expressed at a high level in the airway epithelial cells, and
UG knock-out mice (62) develop increased susceptibility to
allergen-induced airway inflammation. Recently, it was
reported that UG suppresses the allergen (OVA)-induced air-

way inflammatory response by blocking prostaglandin D2
receptor-mediated function (63). This protein has also been
reported to inhibit TH2 cell differentiation by acting on DCs
(64, 65). Interestingly, human orthologs of murine scca2/
serpinb3a (squamous cell carcinoma antigen 2), a serine prote-
ase inhibitor associated with allergic inflammation, are overex-
pressed in the airways of asthma patients (reviewed in Ref. 66).
Most interestingly, scca2 is expressed at high levels in the air-
ways of UG knock-out mice and is further augmented by aller-
gen challenge; treatment of these mice with recombinant UG
abrogates the allergen-induced elevation of scca gene expres-
sion (67). Furthermore, UG also inhibits allergen-induced TH2
cell differentiation by down-regulating the expression of serum
amyloid A and the SOCS-3 (suppressor of cytokine signaling 3)
gene (68), which play critical regulatory roles in the initiation
and maintenance of the TH2 cell-mediated allergic airway
inflammatory response (69).
Studies in humans andmousemodels of allergic asthma have

shown that the TIM family of genes is associated with allergen-
mediated diseases (38). It has also been reported that monoclo-
nal antibodies directed against mouse TIM-1 suppress aller-
gen-mediated inflammation in various organs, including the
lungs (70–73). More recently, using a humanized mouse model
generated by injecting peripheral blood monocytes from asthma
patients into immunocompromised severe combined immunode-
ficient mice, Sonar et al. (74) reported that monoclonal antibody
against TIM-1 suppressed the production of proinflammatory
TH2 cytokines and prevented AHR. These results clearly demon-
strated that the TIM-1 pathway plays a critical role in allergic
asthma, and more importantly, antagonizing TIM-1 may provide
therapeutic benefit to patients with allergic asthma and other
immune-mediated inflammatory disorders.
Most intriguingly, the discovery of a mutant mouse strain

called “flaky tail” in the Jackson Laboratory in 1958 and the
strain reported in 1972 (75) may provide new insight into the
pathogenesis of atopic dermatitis (eczema) and allergic asthma.
Recently, Fallon et al. (76) reported that flaky tail mice carry a
homozygous frameshift mutation in the gene encoding filag-
grin, a large structural protein that facilitates terminal differen-
tiation of the epidermis and forms the skin barrier. Interest-
ingly, this mutation closely resembles human FLG variants that
cause ichthyosis vulgaris (77), a skin disorder that is a genetic
risk for atopic dermatitis and associated allergic asthma (78,
79). Although the association between FLG mutation and
atopic dermatitis is strong, it has been reported that nearly 40%
of individuals carrying a null mutation of this gene do not
develop the skin disease (80). This suggests that both genetic
and environmental modifiers may be involved in the pathogen-
esis of atopic dermatitis and associated allergic asthma (81).

Environmental Factors Interacting with Genetic Factors
in Allergic Asthma

Asdiscussed above, although allergic diseases such as allergic
asthma have predisposing genetic factors, the interaction of
environmental factors in the pathogenesis of allergic diseases is
compelling. Environmental factors (both ingested and inhaled)
have been suggested to contribute to allergic asthma pathogen-
esis (reviewed in Ref. 27). Examples of the environmental fac-
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tors include air pollutants, respiratory viruses, tobacco smoke,
endotoxin, allergens in the air, and diet. Occupational environ-
ment can also trigger asthma in genetically susceptible individ-
uals (82). Thus, studies on gene-environment interactions may
advance our understanding of the complex mechanism(s) of
allergic asthma (83–86). Genes encoding pattern recognition
receptors such as TLR4 and CD14 are reported to recognize
and clear bacterial endotoxin and LPS, and SNPs in these genes
may initiate asthma pathology in early development (27). SNPs
inCD14, TLR4, and other TLR genes have been found to have a
modest risk of asthma susceptibility in atopic individuals (87).
Similarly, SNPs in TGFB1 (88), IL10 (89), DCNP1 (dendritic
cell-associated nuclear protein 1) (90), and inflammatory cyto-
kines and enzymes (91) have been reported to alter gene-envi-
ronment interaction in allergic asthma. Polymorphisms in the
TNF-� gene (92) and the risk of childhood asthma in relation to
environmental tobacco smoke and SNPs in the q21 region of
human chromosome 17 (93) also point to gene-environment
interaction. The subject of gene-environment interactions in
the pathogenesis of respiratory diseases has been recently
reviewed (1, 7, 94).

Concluding Remarks and Perspectives

During the past decade,major advances have beenmade in our
understanding of the immune mechanisms of allergic diseases,
including allergic asthma. However, these advances have not yet
resulted in the development of effective new therapeutic
approaches. It is possible thatourknowledgeof interactinggenetic
and environmental factors affecting the pathogenesis of this dis-
ease remains incomplete. Thus, further advance in the genetics of
allergic asthmaand the interactionof candidateasthmageneswith
environmental factors may facilitate the development of novel
therapies.Oneof thepuzzlingaspectsof allergicasthmapathogen-
esis is the fact that, despite our exposure to myriads of antigens
(allergens), only a relatively small portion of the total human pop-
ulation suffers fromallergicdiseases.Recent efforts to treat allergic
diseases have been focused on the application of biological agents
such asmonoclonal antibodies to target specific cytokines and cell
surface proteins associated with the allergic inflammatory
response. For example, it has been demonstrated that blocking
TIM-1 using specific monoclonal antibodies may prevent allergic
inflammatory responses. These are welcome developments,
althoughwe should be cautious that these therapeutic approaches
do not compromise the many facets of immune responses (some
of which are poorly understood) that are essential formaintaining
homeostasis in the human body.
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Elevated IgE levels and increased IgE sensitization to aller-
gens are central features of allergic asthma. IgE binds to the
high-affinity Fc� receptor I (Fc�RI) onmast cells, basophils, and
dendritic cells and mediates the activation of these cells upon
antigen-induced cross-linking of IgE-bound Fc�RI. Fc�RI acti-
vation proceeds through a network of signaling molecules and
adaptor proteins and is negatively regulated by a number of cell
surface and intracellular proteins. Therapeutic neutralizationof
serumIgE inmoderate-to-severe allergic asthmatics reduces the
frequency of asthma exacerbations through a reduction in cell
surface Fc�RI expression that results in decreased Fc�RI activa-
tion, leading to improved asthma control. Our increasing
understanding of IgE receptor signaling may lead to the devel-
opment of novel therapeutics for the treatment of asthma.

Asthma is a disease characterized by reversible airway
obstruction, airway hyper-reactivity, and chronic airway
inflammation that manifest as symptoms such as coughing,
shortness of breath, chest tightness, and wheezing. Asthma is
estimated to affect up to 300 million people worldwide, and
although themajority of asthmatics arewell controlled by treat-
ment with inhaled corticosteroids and bronchodilators, many
asthmatics are still inadequately controlled by current thera-
pies, with the most severe asthmatics responding poorly to all
available medications (1). Given that the most severe 5–10% of
asthmatics are estimated to account for nearly 50% of total
healthcare costs related to asthma, there is a significant need for
new therapies for the treatment of asthma (2).
Asthma is one of several allergic diseases that are associated

with elevated IgE levels and increased IgE sensitization to aller-
gens (3, 4). IgE binds to twodifferent receptors, the high-affinity
Fc� receptor I (Fc�RI)2 and the low-affinity receptor Fc�RII/
CD23 (4). In humans, Fc�RI is found on mast cells and baso-
phils, where it is a tetrameric complex consisting of one
�-chain, one �-chain, and two disulfide-bonded �-chains, and
on dendritic cells, Langerhans cells, macrophages, and eosino-

phils, where it is a trimeric complex consisting of one �-chain
and two disulfide-bonded �-chains (5). The Fc�RI �-subunit
(Fc�RI�) is unique to Fc�RI, whereas the �- and �-subunits
(FcR� and FcR�, respectively) form complexes with other Fc
receptors and, in the case of FcR�, the T cell receptor, in addi-
tion to Fc�RI. IgE stabilizes the cell surface levels of Fc�RI by
preventing the internalization of the receptor from the cell sur-
face (6). The up-regulation of cell surface Fc�RI levels by IgE
increases the sensitivity of cells to Fc�RI activation triggered by
allergen-induced cross-linking of IgE that is bound to Fc�RI.
Activation of Fc�RI onmast cells and basophils leads to degran-
ulation, eicosanoid production, and cytokine production,
which are associated with early- and late-phase anaphylactic
reactions that can result in exacerbations of asthma (3–5). Acti-
vation of Fc�RI on dendritic cells leads to increased antigen
presentation and cytokine and chemokine production, which
may enhance T-helper 2 cell sensitization, which promotes the
allergic inflammation that drives asthma pathogenesis (3–5).
CD23 is found on B cells and myeloid cells, where it is a
homotrimeric complex that regulates IgE synthesis and medi-
ates antigen presentation (4, 7, 8).
A key role for Fc�RI signaling in the pathogenesis of allergic

asthma was demonstrated by the therapeutic neutralization of
serum IgE inmoderate and severe allergic asthmatics, including
those who respond poorly to all other therapies, using a mono-
clonal antibody that blocks the binding of IgE to both of its
receptors (9, 10). Treatment with anti-IgE antibody results in
significant anti-inflammatory effects that ultimately lead to a
reduction in the frequency of asthma exacerbations (11). Upon
neutralization of serum IgE, cell surface Fc�RI levels are
reduced on mast cells, basophils, and dendritic cells (12–14).
The reduction in mast cell and basophil surface Fc�RI levels
results in decreased Fc�RI activation and is proposed to be the
primary mechanism underlying the efficacy of anti-IgE treat-
ment. However, anti-IgE therapy does not completely abrogate
Fc�RI activation; has a relatively slow onset of efficacy; and, due
to dosing limitations, is not approved for patientswith very high
IgE levels, who might benefit the most from neutralization of
serum IgE. Thus, approaches that inhibit Fc�RI activationmore
directly, potently, and quickly than anti-IgE therapy are prom-
ising new therapies for the treatment of asthma. Given the
important role of Fc�RI signaling and mast cell activation in
asthma pathogenesis, this minireview focuses on recent
advances in our understanding of the positive and negative reg-
ulation of Fc�RI signaling inmast cells. For a detailed discussion
of CD23, see several excellent reviews that cover CD23 struc-
ture, signaling, and function (4, 7, 8).

Fc�RI Expression, Distribution, and Dynamics at the Cell
Surface

The Fc�RI�, FcR�, and FcR� components of the tetrameric
Fc�RI complex in mast cells have different functions in Fc�RI
signaling. Fc�RI� contains an extracellular domain that binds
IgE but does not directly mediate intracellular signaling. FcR�
contains a cytoplasmic immunoreceptor tyrosine-based activa-
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tion motif (ITAM) that couples Fc�RI cross-linking to the ini-
tiation of intracellular signaling. FcR� also contains an ITAM
and functions as an amplifier of intracellular signals. The cell
surface expression of the human Fc�RI complex is regulated by
a number of factors. Fc�RI� contains multiple endoplasmic
reticulum (ER) retention signals that reside in the signal pep-
tide, transmembrane, and cytoplasmic regions of the Fc�RI�
sequence (15–18). Additional residues in the transmembrane
domain of Fc�RI� mediate interactions with FcR� that are
required for cell surface expression (19). In addition to its role
in directly promoting Fc�RI signaling via its ITAM, FcR� also
acts as a chaperone that increases cell surface Fc�RI expression
(20). Members of the Rab family of GTPases and their intracel-
lular cofactors, such as Rab5, Rabex-5/RabGEF1, and Rabap-
tin-5, regulate cell surface levels of Fc�RI by modulating Fc�RI
internalization and the cell surface stability of Fc�RI (21, 22).
Cross-linking of many cell surface receptors results in recep-

tor partitioning to detergent-insoluble membrane lipid frac-
tions (lipid rafts) (23). Lipid rafts are enriched in signaling and
adaptor molecules that mediate intracellular signal transduc-
tion, and the localization of cell surface receptors to lipid rafts
assists the signal transduction process. For Fc�RI, biochemical
and biophysical studies have demonstrated that cross-linking
and activation are associated with redistribution of Fc�RI to
lipid rafts, and this recruitment of Fc�RI to lipid rafts is impor-
tant for Fc�RI signaling (24). However, the overall role of lipid
rafts in the initiation versus maintenance of Fc�RI signaling is
unclear. One model of Fc�RI signaling postulates that activa-
tion is initiated in lipid rafts, requiring the recruitment of Fc�RI

to lipid raft environments that contain the initiating Src family
kinase Lyn (25). Another model of Fc�RI signaling postulates
that activation can be initiated outside of lipid raft compart-
ments, where a small fraction of Lyn that is pre-associated with
the FcR �-subunit activates Fc�RI signaling upon receptor
cross-linking (26, 27). In thismodel, the recruitment of Fc�RI to
lipid rafts is important for signal propagation andmaintenance
through adaptor proteins such as LAT, but not initiation.
Recent biophysical studies of Fc�RI and membrane lipid distri-
bution and dynamics have enabled themonitoring of very small
lipid raft microdomains in cells under physiologic conditions.
The results of these studies suggest a hybrid of bothmodels and
indicate that lipid raft microdomains coalesce upon cross-link-
ing of Fc�RI and redistribute with aggregated Fc�RI proteins in
a time frame that correlates with the kinetics of Fc�RI phos-
phorylation (28, 29).

Signaling Events Proximal to Fc�RI

Intracellular Fc�RI signaling proceeds through a network of
signaling molecules and adaptor proteins (Fig. 1). The Src fam-
ily kinases mediate intracellular signaling events that are prox-
imal to Fc�RI (30, 31). Lyn is the most highly expressed Src
family kinase in mast cells, and it initiates Fc�RI signaling by
phosphorylating the ITAMs of FcR� and FcR�. However, the
overall role of Lyn as a positive or negative regulator ofmast cell
activation downstream of Fc�RI is controversial. Substrates for
Lyn phosphorylation include both positive regulators of Fc�RI
signal transduction such as Syk andnegative regulators of Fc�RI
signal transduction such as Cbp (Csk-binding protein), which

FIGURE 1. Fc�RI signaling in mast cells proceeds through a network of signaling molecules and adaptor proteins, ultimately leading to effects on cell
migration and adhesion, growth and survival, degranulation, eicosanoid production, and cytokine and chemokine production. Fc�RI in mast cells is a
tetrameric complex consisting of an �-subunit, a �-subunit, and two disulfide-bonded �-subunits (blue). Proximal Fc�RI signaling is mediated through Src
family kinases and Syk (yellow). Adaptor proteins include LAT, NTAL/LAB/LAT2, Grb2, Gads, and SLP76 (aqua). Lipid signaling pathways are mediated by PI3K,
SphK, PLD, and PLC� (purple). Calcium signaling proceeds through a two-step process, consisting of the initial release of intracellular ER calcium stores,
followed by extracellular calcium influx (green). Additional signaling molecules and pathways include Btk, which links PI3K activation to PLC� activation
(brown); Ras/MAPK pathways (orange); the PDK1/Akt/mTOR pathway (gray); PKCs (white); and NF-�B (pink). PA, phosphatidic acid; IP3R, inositol 1,4,5-trisphos-
phate receptor.
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recruits Csk, a negative regulator of Src family kinases (32–34).
In vitro studies of Lyn knock-out mast cells have demonstrated
increased, decreased, or unaffected degranulation and in-
creased cytokine production upon Fc�RI activation compared
with wild-type mast cells (32, 33, 35–37). The discrepancy in
effects of Lyn deficiency on mast cell degranulation in these
various studiesmay be due to genetic differences in Fyn expres-
sion and activity that are associated with different mouse back-
ground strains (38). It may also be due to differences in the
strength of Fc�RI stimulation that result in differences in the
net role of Lyn as a positive or negative regulator of Fc�RI sig-
naling (34). The interpretation of in vivo studies of Lyn knock-
out mice is complicated by age-dependent increases in serum
IgE, total numbers of mast cells, and spontaneous mast cell
activation. Young Lyn knock-out mice have a hyper-responsive
degranulation phenotype in vivo compared with wild-type
mice, indicating an overall negative regulatory role for Lyn in
mast cell degranulation downstream of Fc�RI activation in vivo
(33). Although older Lyn knock-out mice have a defective
degranulation phenotype in vivo, this phenotype appears to
result from a reduced ability to sensitize these mice with exog-
enous IgE due to high circulating levels of endogenous IgE as
opposed to inherent defects in Fc�RI-mediated mast cell acti-
vation (33, 39).
Other Src family kinases that play a role in Fc�RI signaling are

Fyn and Hck. Both Fyn and Hck have positive regulatory roles
in mast cell activation such that Fyn and Hck knock-out mast
cells have reduced degranulation and cytokine production
upon Fc�RI activation (40–42). Fyn is involved in the activation
of lipid signaling pathways mediated by PI3K, sphingosine
kinase (SphK), and phospholipaseD (PLD), which are discussed
further below. Among Lyn, Fyn, and Hck, Hck negatively regu-
lates Lyn, and Lyn negatively regulates Fyn (42). Lyn knock-out
mast cells with enhanced Fyn activity are hyper-responsive to
Fc�RI activation (33). Reduction of Lyn function through dis-
ruption of Lyn localization to lipid rafts can also lead to
increased Fyn activity (43). Thismay provide an explanation for
the allergic phenotypes that are observed in humans with
Smith-Lemli-Opitz syndrome, a disease that arises from a
defective gene mutant of 3�-hydroxysterol �7-reductase
(DHCR7), an enzyme that converts 7-dehydrocholesterol to
cholesterol. Knock-out of DHCR7 in mice results in a disrup-
tion of lipid raft stability due to low cholesterol levels and a
reduction in the lipid raft localization of Fc�RI andLyn (43). Fyn
activity is increased in DHCR7 knock-out mouse mast cells,
resulting in increased mast cell degranulation upon activation
of Fc�RI.
A key mediator of proximal Fc�RI signaling is Syk, which is

recruited to the Fc�RI complex by association with phosphory-
lated FcR� (30). Subsequent to its association with Fc�RI, Syk is
phosphorylated and activated by Lyn. Syk phosphorylates the
adaptor proteins LAT andNTAL/LAB/LAT2, whose functions
are described below, and thereby coordinates the activation of
multiple downstream signaling pathways. This ultimately leads
tomast cell degranulation, eicosanoid production, and cytokine
production (44). Structural and functional aspects of Syk activ-
ity in mast cell signaling have been reviewed extensively (30,
45).

Adaptor Proteins in Fc�RI Signaling

Two major adaptor proteins downstream of Fc�RI signaling
are LAT and NTAL/LAB/LAT2 (46). Phosphorylation of LAT
by Syk leads to the recruitment and activation of phospholipase
C� (PLC�), which is discussed further below, as well as the
recruitment and activation of Ras/Rho GTPases and MAPKs
(i.e. p38, JNK, and ERK), leading to mast cell degranulation,
eicosanoid production, and cytokine production (47). The LAT
adaptor protein integrates both positive and negative regula-
tory signals downstream of Fc�RI activation (48), leading to an
overall positive regulatory role in Fc�RI signaling. The overall
role of NTAL in Fc�RI signaling is less clear, with different
studies indicating either positive or negative regulatory roles
based on mouse gene knock-out and human RNAi knockdown
studies in which the entire NTAL protein was deleted (49–52).
Two recent studies have focused on a positive regulatory role
for NTAL in linking Fc�RI activation to PLC� activation
through pathways that are parallel to and independent of LAT-
mediated PLC� activation (49, 53). One study demonstrated
that the adaptor protein Grb2 is recruited to phosphorylated
NTAL. The subsequent phosphorylation of Grb2 triggers the
recruitment and activation of PLC� (49). The other study
showed that a Gads- and SLP76-mediated pathway that is cou-
pled to NTAL links Fc�RI activation to PLC� activation (53).
Aside from LAT and NTAL, a number of additional adaptor
proteins that play a role in Fc�RI signaling, many of which asso-
ciate with LAT and NTAL to form large scaffolding complexes
(e.g. Grb2, Gads, and SLP76), have been extensively discussed
by others (46).

Lipid Signaling Downstream of Fc�RI

Several lipid signaling pathways are activated downstream of
Fc�RI via Fyn, including pathwaysmediated by PI3K, SphK, and
PLD (31, 54). The PI3K enzymes catalyze the phosphorylation
of the inositol ring of membrane-associated phosphatidylinosi-
tol 4,5-bisphosphate (PIP2) at theD3 position to generate phos-
phatidylinositol 1,4,5-triphosphate (PIP3), a major intracellular
lipid mediator that has effects on multiple signaling pathways
involved in degranulation and cytokine production.
The PI3K enzyme family consists of three subclasses, of

which the class I PI3Ks are the most well understood (55, 56).
The class I PI3Ks are further subdivided into class IA and class
IB PI3Ks. The class IA PI3Ks consist of a p85 regulatory subunit
and a p110 catalytic subunit; there are five isoforms of p85 and
three isoforms of p110. The class IB PI3Ks consist of a p101 or
p87PIKAP regulatory subunit and a p110 catalytic �-subunit.
The p110 �- and �-isoforms are ubiquitously expressed, and
the p110 �- and �-isoforms (p110� and p110�, respectively) are
expressedmainly in leukocytes. Both p110� and p110� contrib-
ute to Fc�RI signaling in mast cells (57–59). p110� is directly
activated downstreamof Fc�RI, and genetic and pharmacologic
inactivation of p110� leads to reduced mast cell degranulation,
eicosanoid production, and cytokine production both in vitro
and in vivo (57, 58). The role of p110� in Fc�RI-induced mast
cell activation is more controversial. p110� is activated by
G-protein-coupled receptors. As such, it is indirectly activated
downstream of Fc�RI via autocrine mast cell signals that are

MINIREVIEW: IgE Receptor Signaling and Asthma

SEPTEMBER 23, 2011 • VOLUME 286 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 32893



mediated by adenosine and other G-protein-coupled receptor
agonists (59). In vitro stimulation of mast cells from p110�
knock-out mice results in reduced degranulation compared
withmast cells fromwild-typemice (58, 59). However, whereas
one study reported reduced in vivo activation of mast cells in
p110� knock-out mice (59), another study reported a lack of
effect of p110� knock-out or pharmacologic inactivation of
p110� on in vivomast cell activation (58).

PIP3 that is generated by PI3K enzymes recruits several sig-
naling proteins to the cellmembrane via interactionwith pleck-
strin homology domains in these proteins, thereby propagating
intracellular signaling. These signaling effectors include PDK1,
which activates Akt to promote cell proliferation and survival
(54), and Btk (37, 60), which activates PLC�. PIP3 also has reg-
ulatory effects on PLDand SphK. PI3K is positively regulated by
RasGRP1 (61), in addition to being activated by Fyn. Mast cells
from RasGRP1 knock-out mice show defects in multiple path-
ways downstream of PIP3, including reduced phosphorylation
of Akt. This results in reduced degranulation and cytokine pro-
duction upon Fc�RI activation of RasGRP1 knock-out mast
cells.
SphKs generate sphingosine 1-phosphate (S1P) from sphin-

gosine. There are two SphK isoforms, but the contribution of
each SphK isoform to Fc�RI signaling andmast cell activation is
controversial. One group has defined an intracellular pathway
whereby SphK2 generates S1P, which subsequently promotes
intracellular calcium signaling that results in mast cell degran-
ulation and cytokine production (62). SphK1 in other cell types
generates S1P that is released extracellularly and acts on mast
cells via the S1P1 and S1P2 receptors to promote mast cell
migration and to enhancemast cell degranulation and cytokine
production upon Fc�RI activation. On the other hand, data
from other groups indicate that SphK1, as opposed to SphK2, is
the major intracellular source of S1P in mast cells downstream
of Fc�RI activation (63, 64). These groups have also described
roles for extracellular S1P in mast cell migration and Fc�RI
activation via the S1P1 and S1P2 receptors (65, 66).

Calcium Signaling Downstream of Fc�RI

Intracellular calcium signaling contributes to degranulation,
eicosanoid production, and cytokine production downstream
of Fc�RI activation. Fc�RI-induced calcium signaling in mast
cells occurs in two steps, the first being release of calcium from
intracellular calcium stores in the ER and the second being cal-
cium influx from the extracellular space through store-oper-
ated calcium channels (67). Intracellular calcium signaling is
regulated by PLC�, which generates inositol 1,4,5-trisphos-
phate and diacylglycerol from PIP2. Inositol 1,4,5-trisphos-
phate stimulates the release of intracellular calcium stores upon
binding to its receptor in the ER. The depletion of ER calcium
stores then triggers extracellular calcium influx. Diacylglycerol
and intracellular calcium signals cooperate to activate PKCs,
which then activate other pathways such as theNF-�Bpathway,
ultimately leading to mast cell degranulation and cytokine
production.
Our understanding of intracellular calcium signaling has

advanced significantly in recent years due to the discovery of
the identity of key components and regulators of store-oper-

ated calcium channels. STIM1 (stromal interactionmolecule 1)
was identified as a calcium sensor located in the ER that couples
the depletion of intracellular ER calcium stores to the activation
of store-operated calcium channels (68, 69). Orai1/CRACM1 is
a recently discovered membrane protein that constitutes the
store-operated calcium channel (70–73). Mutation of Orai1 in
humans results in severe combined immunodeficiency that is
due to a lack of store-operated calcium channel function. Both
STIM1 andOrai1 knock-outmast cells are deficient in intracel-
lular calcium signaling downstream of Fc�RI activation due to
defective influx of calcium from the extracellular space, leading
to defective mast cell degranulation, eicosanoid production,
and cytokine production (74, 75). Recent data indicate that Syk
is a local sensor of calcium signaling that contributes to a pos-
itive feedback loop downstream of store-operated calcium
channel opening and that also couples extracellular calcium
influx to the activation of PKC and other pathways (76, 77).

Negative Regulators of Fc�RI Signaling

Negative regulators of Fc�RI signaling can be grouped into
intracellular and cell surface proteins that act at various points
in the Fc�RI signaling network (Fig. 2). Intracellular negative
regulators of Fc�RI signaling include the SHP-1 and SHP-2
phosphatases, which inhibit the activity of signaling proteins
that are proximal to Fc�RI such as Syk and Fyn and adaptor
proteins such as LAT and NTAL (78, 79). Protein-tyrosine
phosphatase � is a phosphatase that also acts at a proximal point
in the Fc�RI signaling network by inhibiting Syk activity (80).
The PI3K pathway is negatively regulated by SHIP and PTEN
(81), which directly dephosphorylate PIP3 to generate PIP2.
SHIP dephosphorylates the phosphate at the D5 position of the
inositol ring of PIP3, whereas PTEN dephosphorylates the
phosphate at the D3 position. The PI3K pathway is also nega-
tively regulated by RGS13 and LAX (82, 83), which inhibit the
interaction of the PI3K p85 regulatory subunit with the Grb2-
NTAL scaffolding complex. Mast cells that are deficient in
these negative regulators have heightened degranulation
and/or cytokine responses downstream of Fc�RI activation.
Cell surface proteins on mast cells that negatively regulate
Fc�RI activation include TRPM4 (84), which modulates extra-
cellular calcium influx, and TLR4 (85), which, upon association
with the ES62 product of filarial nematodes, traffics into vesic-
ular compartments, where it sequesters and degrades PKC�, a
protein kinase that mediates PLD and SphK activation down-
stream of Fc�RI.
A number of cell surface receptors that contain cytoplasmic

immunoreceptor tyrosine-based inhibition motifs (ITIMs) are
found in mast cells and function to negatively regulate Fc�RI
activation upon co-engagement with Fc�RI by engaging endog-
enous negative regulatory pathways (86, 87). These ITIM-con-
taining receptors include Fc�RIIb (88), PIR-B (89), gp49B1 (90),
myeloid-associated immunoglobulin receptor I (91), mast cell
function-associated antigen (92), signal regulator protein �
(93), and the recently identified Allergin-1 (94). The mecha-
nisms of Fc�RIIb-mediated inhibition of Fc�RI activation have
been extensively described. Co-engagement of Fc�RIIb with
Fc�RI results in Lyn-mediated phosphorylation of the tyrosine
residue in the Fc�RIIb ITIMmotif, which subsequently recruits
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the protein-tyrosine phosphatase SHIP and the docking protein
DOK1 to the Fc�RI complex (86, 87). SHIP is activated by phos-
phorylation and mediates dephosphorylation of PIP3 to gener-
ate PIP2, thereby directly inhibiting the PI3K pathway. DOK1
recruits and activates Ras GTPase-activating protein (Ras-
GAP), which inhibits the Ras pathway by enhancing the intrin-
sic GTPase activity of Ras. All other ITIM-containing cell sur-
face receptors inhibit Fc�RI activation through the action of
SHP-1 and SHP-2 phosphatases.

Therapeutic Targeting of Fc�RI Signaling

Given the clinical efficacy of therapeutic anti-IgE neutraliza-
tion in asthma,which reduces Fc�RI activation andhas revealed
an important role for Fc�RI signaling in asthma pathogenesis,
future therapies that directly target and inhibit Fc�RI signaling
have significant potential for the treatment of asthma, espe-
cially those therapeutic strategies that lead to a more complete
and/or faster inhibition of Fc�RI activation comparedwith anti-
IgE therapy. Several intracellular proteins that play key roles in
Fc�RI signaling and mast cell activation and whose therapeutic
inhibitionmay lead to superior efficacy comparedwith anti-IgE
therapy have been discussed in this minireview. Of these, there
are significant ongoing efforts to generate small molecule
inhibitors of Syk and PI3K, which have resulted in some com-
pounds that have entered human clinical trials for asthma or
other allergic diseases. There has also been recent progress in
the generation of specific small molecule inhibitors of Btk (95).
The discovery of STIM1 and Orai1 has spurred efforts to iden-
tify novel small molecule inhibitors of these components and
regulators of store-operated calcium channels. A major con-
cern associated with many of these small molecule targets is

their broad biology beyond Fc�RI signaling, whichmay result in
adverse safety profiles upon therapeutic targeting.
An alternative approach to the intracellular small molecule

targeting of Fc�RI signaling utilizes protein-based therapeutics,
which are well suited for specifically targeting cell surface pro-
teins. Several groups have developed protein-based therapeu-
tics that directly inhibit Fc�RI activation by co-cross-linking
Fc�RI with various cell surface ITIM-containing receptors,
most commonly Fc�RIIb. These approaches include an IgE-Fc/
IgG-Fc fusion protein that simultaneously engages Fc�RI and
Fc�RIIb (96), a specific allergen/IgG-Fc fusion protein that
simultaneously engages allergen-specific IgE that is bound to
Fc�RI and Fc�RIIb (97), and various bispecific antibody tech-
nologies that co-cross-link Fc�RI with Fc�RIIb or other ITIM-
containing receptors (98, 99). Limitations of several of these
protein-based therapeutics include poor in vivo pharmacoki-
netics, immunogenicity, and difficulties associated with large-
scale manufacturing, although some new bispecific antibody
formats can overcome many of these limitations (99, 100).
Given the increasing development and use of antibody thera-
peutics for the treatment of diseases, including asthma, novel
bispecific antibody approaches may help expand the scope of
therapeutic targets in the future.

Summary

A substantial network of signaling molecules and adaptor
proteins that function downstreamof Fc�RI activation has been
defined. Future studies will continue to elucidate the cell and
membrane biology of Fc�RI signaling, novel cell surface and
intracellular mediators of Fc�RI activation, mechanisms of
intracellular calcium signaling, and new inhibitory proteins

FIGURE 2. The Fc�RI signaling pathway is negatively regulated by a number of cell surface and intracellular proteins that act at various points in the
Fc�RI signaling network. Proximal intracellular Fc�RI signaling and adaptor proteins are negatively regulated by Csk, protein-tyrosine phosphatase � (PTP�),
SHP-1, and SHP-2. PI3K signaling is negatively regulated by SHIP, PTEN, LAX, and RGS13. Ras signaling is negatively regulated by RasGAP. Cell surface proteins
that negatively regulate Fc�RI signaling include TRPM4, which reduces calcium signaling, and TLR4, which, upon formation of a complex with the ES62 product
of filarial nematodes, inhibits SphK and PLD signaling by sequestering and degrading SphK- and PLD-activating PKC�. Co-cross-linking of the ITIM-containing
cell surface receptor Fc�RIIb with Fc�RI triggers the inhibition of Fc�RI signaling at several points, including SHIP-mediated inactivation of PI3K signaling and
DOK1/RasGAP-mediated inactivation of Ras signaling. Co-cross-linking of Fc�RI with other ITIM-containing cell surface receptors triggers the inhibition of Fc�RI
signaling mediated by SHP-1 and SHP-2. DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate.
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that negatively regulate parts of the signaling network down-
stream of Fc�RI activation. Our increasing understanding of
Fc�RI signaling may lead to the development of new therapeu-
tics that inhibit Fc�RI activation for the treatment of asthma.
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Veliçelebi, G., and Stauderman, K. A. (2005) J. Cell Biol. 169, 435–445

69. Liou, J., Kim, M. L., Heo, W. D., Jones, J. T., Myers, J. W., Ferrell, J. E., Jr.,
and Meyer, T. (2005) Curr. Biol. 15, 1235–1241

70. Prakriya, M., Feske, S., Gwack, Y., Srikanth, S., Rao, A., and Hogan, P. G.
(2006) Nature 443, 230–233

71. Feske, S., Gwack, Y., Prakriya, M., Srikanth, S., Puppel, S. H., Tanasa, B.,
Hogan, P. G., Lewis, R. S., Daly, M., and Rao, A. (2006) Nature 441,
179–185

72. Vig, M., Peinelt, C., Beck, A., Koomoa, D. L., Rabah, D., Koblan-Huber-
son, M., Kraft, S., Turner, H., Fleig, A., Penner, R., and Kinet, J. P. (2006)
Science 312, 1220–1223

73. Yeromin, A. V., Zhang, S. L., Jiang, W., Yu, Y., Safrina, O., and Cahalan,
M. D. (2006) Nature 443, 226–229

74. Baba, Y., Nishida, K., Fujii, Y., Hirano, T., Hikida, M., and Kurosaki, T.
(2008) Nat. Immunol. 9, 81–88

75. Vig,M., DeHaven,W. I., Bird, G. S., Billingsley, J.M.,Wang,H., Rao, P. E.,
Hutchings, A. B., Jouvin, M. H., Putney, J. W., and Kinet, J. P. (2008)Nat.
Immunol. 9, 89–96

76. Chang, W. C., Di Capite, J., Singaravelu, K., Nelson, C., Halse, V., and
Parekh, A. B. (2008) J. Biol. Chem. 283, 4622–4631

77. Ng, S. W., Nelson, C., and Parekh, A. B. (2009) J. Biol. Chem. 284,
24767–24772

78. Nakata, K., Yoshimaru, T., Suzuki, Y., Inoue, T., Ra, C., Yakura, H., and
Mizuno, K. (2008) J. Immunol. 181, 5414–5424

79. McPherson, V. A., Sharma, N., Everingham, S., Smith, J., Zhu, H. H.,
Feng, G. S., and Craig, A. W. (2009) J. Immunol. 183, 4940–4947

80. Akimoto,M., Mishra, K., Lim, K. T., Tani, N., Hisanaga, S. I., Katagiri, T.,
Elson, A., Mizuno, K., and Yakura, H. (2009) Scand. J. Immunol. 69,
401–411

81. Furumoto, Y., Brooks, S., Olivera, A., Takagi, Y., Miyagishi, M., Taira, K.,
Casellas, R., Beaven, M. A., Gilfillan, A. M., and Rivera, J. (2006) J. Immu-
nol. 176, 5167–5171

82. Bansal, G., Xie, Z., Rao, S., Nocka, K. H., and Druey, K. M. (2008) Nat.
Immunol. 9, 73–80

83. Zhu, M., Rhee, I., Liu, Y., and Zhang, W. (2006) J. Biol. Chem. 281,
18408–18413

84. Vennekens, R., Olausson, J., Meissner, M., Bloch,W., Mathar, I., Philipp,
S. E., Schmitz, F., Weissgerber, P., Nilius, B., Flockerzi, V., and Freichel,
M. (2007) Nat. Immunol. 8, 312–320

85. Melendez, A. J., Harnett,M.M., Pushparaj, P.N.,Wong,W. S., Tay,H. K.,
McSharry, C. P., and Harnett, W. (2007) Nat. Med. 13, 1375–1381

86. Katz, H. R. (2002) Curr. Opin. Immunol. 14, 698–704
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Current therapy for asthma is highly effective. �2-Adrenergic
receptor (�2AR) agonists are themost effective bronchodilators
and relax airway smooth muscle cells through increased cAMP
concentrations and directly opening large conductance Ca2�

channels.�2ARmay also activate alternative signaling pathways
that may have detrimental effects in asthma. Glucocorticoids
are the most effective anti-inflammatory treatments and switch
off multiple activated inflammatory genes through recruitment
of histone deacetylase-2, activating anti-inflammatory genes,
and through increasing mRNA stability of inflammatory genes.
There are beneficial molecular interactions between �2AR and
glucocorticoid-activated pathways.Understanding these signal-
ing pathways may lead to even more effective therapies in the
future.

Asthma has become one of themost prevalent diseases and is
increasing throughout the world, particularly in developing
countries. It is characterized by variable airflow obstruction
that is secondary to an allergic pattern of inflammation in the
airways, which involves infiltration with inflammatory cells
(eosinophils and T-helper 2 (TH2)2 cells) and the activation of
resident mast cells and dendritic cells by allergens (1, 2). Struc-
tural cells, such as airway epithelial cells and smooth muscle
cells, are important sources of inflammatory mediators as well
as activated inflammatory cells. Chronic inflammation may
lead to structural changes in the airways, including increased
airway smooth muscle cells, fibrosis, angiogenesis, and hyper-
plasia of mucus-secreting cells. Multiple inflammatory media-
tors are involved, and many cytokines and chemokines orches-
trate this complex chronic inflammation (3).
Although asthma is a complex inflammatory disease, current

therapies (if taken correctly) are very effective in themajority of
patients (4). There is now a good understanding of how current
asthma therapies work at a biochemical level, and this has
formed the basis for a search for new treatments (5). Drugs used
to treat asthma include bronchodilators, which act mainly by

reversing airway smooth muscle contraction, and anti-inflam-
matory drugs, which suppress inflammation in the airways. The
inflammation of asthma is confined to the airways, so inhala-
tional therapy has been found to be themost effective treatment
modality and largely avoids systemic side effects.

�2-Adrenergic Agonists

�2-Agonists are by far the most effective bronchodilators for
asthma, as they act as functional antagonists and relax airway
smooth muscle cells whatever the constricting stimulus.
Long-acting �2-agonists (LABA), such as salmeterol and for-
moterol, have a 12-h duration of action, but once-daily
drugs, including indacaterol, vilanterol, and olodaterol, have
been developed recently (6). LABA should always be used in
combination with a corticosteroid, as they are potentially
dangerous if used alone because they do not effectively treat
the underlying inflammation.
Bronchodilator Mechanisms—Occupation of �2-adrenergic

receptors (�2AR) by agonists results in the activation of ade-
nylyl cyclase via the stimulatory G-protein (Gs). This increases
intracellular cAMP, leading to activation of PKA, which phos-
phorylates several target proteins within the cell, leading to
activation of myosin light chain phosphatase and inhibition of
myosin light chain kinase and thus relaxation of airway smooth
muscle (Fig. 1). In addition, �2-agonists open large conduc-
tance calcium-activated potassium channels (BKCa), which
repolarize the smooth muscle cell so that Ca2� is sequestrated
into intracellular stores. �2AR are also directly coupled to KCa
via Gs, so relaxation of airway smooth muscle may occur inde-
pendently of an increase in cAMP. Some actions of �2-agonists
aremediated via other cAMP-regulated proteins, such as EPAC
(exchange protein activated by cAMP) (7). For example, the
inhibition of airway smooth muscle cell proliferation by
�2-agonists appears to be dependent on EPAC rather than PKA
(8).
Airway smooth muscle shows resistance to �2AR desensiti-

zation, and thismay be due to a large receptor reserve and a very
low level of expression of the enzyme GRK2 (G-protein recep-
tor kinase-2), which phosphorylates and inactivates occupied
�2-receptors (9). IL-1� uncouples pulmonary �2-receptors in
rats in vivo by increasing GRK2/5 activity and expression and
thus reducing responsiveness to �2-agonists (10). However,
uncertainty remains as to whether �2AR signaling is abnormal
in the airway smooth muscle of asthmatic patients.
Other Airway Effects—�2-Agonists may have additional

effects on airways, as �2-receptors are localized to several dif-
ferent cells types in the airways. �2-Agonists may therefore
cause bronchodilatation in vivo not only via a direct action on
airway smooth muscle but also indirectly by inhibiting the
release of bronchoconstrictor mediators from inflammatory
cells and of neurotransmitters from airway nerves. For exam-
ple,�2-agonists inhibitmediator release frommast cells though
closing an intermediate conductance Ca2�-activated K� chan-
nel (KCa3.1) coupled to Gs (11). Stem cell factor, which is
secreted by epithelial cells in asthmatic patients, is an important
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factor in keeping mast cells at the airway surface in asthma (2)
and counteracts this effect of �2-agonists (12). Whether
�2-agonists have anti-inflammatory effects in asthma is contro-
versial. The inhibitory effects of �2-agonists on mast cell medi-
ator release and microvascular leakage are clearly anti-inflam-
matory, suggesting that �2-agonists may modify acute
inflammation. However, �2-agonists do not have a significant
inhibitory effect on the chronic inflammation of asthmatic air-
ways, which is suppressed by glucocorticoids. This has now
been confirmed by several biopsy and bronchoalveolar lavage
studies in patients with asthma who are taking regular �2-ago-
nists (including LABA), which demonstrate no significant
reduction in the number or activation of inflammatory cells in
the airways, in contrast to resolution of the inflammation,
which occurs with inhaled glucocorticoids (13). This is likely to
be related to the fact that �2-agonist effects on macrophages,
eosinophils, and lymphocytes are rapidly desensitized due to a
low density of �2-receptors on these cells and high expression
of GRK2 (9). Indeed, exposure to LABA increases the expres-
sion of GRK2 and GRK5 in human peripheral lung (14).

�2-Receptor Polymorphisms—There are several single-nucle-
otide polymorphisms and haplotypes of the human �2AR gene
(ADRB2) that may affect �2AR function. The common variants
are G16R and Q27E, which have in vitro effects on receptor
desensitization, but clinical studies have shown inconsistent
effects on the bronchodilator responses to short- and long-act-
ing �2-agonists (15). Some studies have shown that patients
with the common homozygous Arg16/Arg variant have more
frequent adverse effects and a poorer response to short-acting
�2-agonists than heterozygotes orGly16/Gly homozygotes (16),
but, overall, these differences are small, and there appears to be
no clinical value inmeasuringADRB2 genotype. No differences

have been found with responses to LABA between these geno-
types (17).
Alternative Signaling of �2-Receptors—It is now recognized

that, although �2AR are coupled through Gs to relax airway
smooth muscle, they may activate alternative signaling path-
ways that may have deleterious effects, such as increasing
inflammation (Fig. 1). In �2AR-overexpressing mice, Gq cou-
pled to phospholipase C�1 (PLC�1) is activated, resulting in an
enhanced bronchoconstrictor response to mediators, such as
ACh and histamine, that signal throughGq (18).��-Subunits of
Gs may also signal through PLC activation (PLC�2) (19). �-Ar-
restin-1 and -2 are adaptor proteins involved in uncoupling
phosphorylated �2-receptors from Gs, leading to internaliza-
tion by clathrin-coated pits. �-Arrestins determine whether
�2-receptors are degraded within the cell by endocytosis or are
recycled to the cell membrane (20). Interaction of �2-receptors
with �-arrestin-2 leads to ubiquitination of each protein and
subsequent proteasomal destruction (21). As well as terminat-
ing receptor function, �-arrestins act as a scaffold to allow
receptors to enhance other signaling pathways, such as MAPK
and PI3K, independently of G-proteins and therefore allow
�2AR to regulate different responses in the cell (22, 23). This
may contribute to the adverse effects of LABA that have been
reported (24). Inverse agonists, such as nadolol and carvedilol,
block �2AR and inhibit the signaling of constitutively active
�2AR and paradoxically have been found to have beneficial
effects inmurinemodels of asthma. Furthermore,�2AR knock-
outmice are protected from development of asthma (25).�2AR
antagonists without inverse agonist activity, such as alprenolol,
fail to reverse the asthma phenotype, however. A pilot study in
asthma patients showed that, although nadolol reduced lung
function in the short-term, there was a reduction in airway
hyper-responsiveness after 9 weeks of therapy (26). Deletion of
the�-arrestin-2 gene prevents the recruitment of inflammatory
cells and airway hyper-responsiveness in mice sensitized and
exposed to allergen (27), and both structural and inflammatory
cells are involved (28). It is possible that �2-receptor activation
in epithelial cells activates �-arrestin-1/2, leading to activation
of proinflammatory kinase pathways, such as p38 MAPK, with
the activation of proinflammatory genes (29). Biased �2-ago-
nists that favor Gs signaling pathways rather than �-arrestin
recruitment may prove to be more effective as bronchodilators
in the future (20).

Anticholinergics

Anticholinergics are antagonists of muscarinic receptors,
and their only action at therapeutic doses is to block the effects
of endogenous acetylcholine (ACh). In animals and humans,
there is a small degree of resting bronchomotor tone due to
tonic vagal nerve impulses that release ACh in the vicinity of
airway smooth muscle because it can be blocked by anticholin-
ergic drugs. AChmay also be released from other airway cells,
including epithelial and inflammatory cells (30). Airway epi-
thelial cells contain all of the machinery needed for ACh
synthesis and release (31, 32). Tiotropium bromide is a once-
daily inhaled anticholinergic that dissociates slowly from
muscarinic M1- and M3-receptors and more rapidly from
M2-receptors. Although �2-agonists are the most effective

FIGURE 1. �2-Agonist signaling pathways. In the classical pathway, �2-ago-
nists bind to �2AR, which are coupled via a stimulatory G-protein (Gs) to
adenylyl cyclase (AC), resulting in formation of cAMP. cAMP activates PKA,
which phosphorylates myosin light chain kinase (MLCK) in airway smooth
muscle cells, resulting in relaxation. Increased cAMP may also activate EPAC
to mediate effects such as inhibition of cell proliferation. �2AR are also cou-
pled via Gs to a large conductance calcium-activated potassium channels
(BK), leading to decreased intercellular Ca2� and inhibition of myosin light
chain kinase activation. Alternative signaling by �2AR may activate ��-sub-
units of G� and Gq and via G�q, resulting in activation of PLC. �2AR also
interact with �-arrestin-2, which interacts with p38 MAPK and PI3K. These
alternative signaling pathways may increase the expression of inflammatory
proteins and therefore may have a deleterious effect in asthma.
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bronchodilators in asthma, anticholinergics may have some
additive bronchodilator effect, particularly in patients with
severe disease (33). M3-receptors via Gq and the activation of
PLC result in hydrolysis of phosphatidylinositol 4,5-bispho-
sphate and generation of inositol 1,4,5 trisphosphate, which
releases Ca2� from intracellular stores, thus resulting in con-
traction of airway smooth muscle cells and mucus secretion.
M3-receptors may also be involved in the structural remod-
eling that occurs in some patients with asthma, as the
increase in airway smooth muscle that occurs after chronic
allergen exposure in mice is prevented by tiotropium (34).
M2-receptors are also highly expressed in airway smooth
muscle cells and inhibit adenylyl cyclase via Gi, thus coun-
teracting the bronchodilator effect of �2-agonists. M2-re-
ceptors also counteract �2-agonists by inhibiting KCa in tra-
cheal smoothmuscle cells via G�� subunits (35). Presynaptic
M2-receptors that limit ACh release are defective in animal
models of asthma, and this may be secondary to eotaxin
release from parasympathetic nerves with neural recruit-
ment of eosinophils that release basic proteins to cause
M2-receptor dysfunction (36). There is indirect evidence
that presynaptic M2-receptor function is also impaired in
asthmatic patients (37).

Glucocorticoids

Glucocorticoids are by far themost effective therapy for con-
trolling asthma, and inhaled corticosteroids (ICS) have become
themainstay of treatment for all patients with persistent symp-
toms. There has been major progress in understanding the cel-
lular and molecular mechanisms involved in their anti-inflam-
matory effects in asthma (38).
Anti-inflammatory Mechanisms—Glucocorticoids diffuse

across the cell membrane and bind to glucocorticoid recep-

tors (GR) in the cytoplasm (39, 40). Upon ligand binding, GR
are activated and released from chaperone proteins (heat
shock protein 90 and others) and rapidly translocate to the
nucleus, where they exert their molecular effects. The mech-
anism of nuclear translocation involves the nuclear import
proteins importin-� (karyopherin-�) and importin-13 (41,
42). There is only one form of GR that binds glucocorticoids,
termed GR�. GR� is an alternatively spliced form of GR that
interacts with DNA but not with glucocorticoids, so it may
theoretically act as a dominant-negative inhibitor of gluco-
corticoid action by interfering with the binding of GR to
DNA (43).
GR homodimerize and bind to glucocorticoid response ele-

ments (GRE) in the promoter region of glucocorticoid-respon-
sive genes, and this interaction switches on (or occasionally
switches off) gene transcription (Fig. 2). Activation of glucocor-
ticoid-responsive genes occurs via an interaction between the
DNA-bound GR and transcriptional coactivator molecules,
such as CBP (cAMP-responsive element-binding protein-bind-
ing protein), which have intrinsic histone acetyltransferase
activity and cause acetylation of core histones (particularly his-
tone 4). This tags histones to recruit chromatin-remodeling
engines, such as SWI/SNF, and subsequent association with
RNA polymerase II, resulting in gene activation (44, 45). Genes
that are switched on by glucocorticoids include genes encoding
�2AR and the anti-inflammatory proteins secretory leukopro-
tease inhibitor (SLPI) and MKP-1 (MAPK phosphatase-1),
which inhibits MAPK pathways. These effects may contribute
to the anti-inflammatory actions of glucocorticoids (46, 47). GR
interaction with negative GRE or with GRE that cross the tran-
scriptional start site may suppress gene transcription, and this
may be important in mediating many of the side effects of glu-

FIGURE 2. Anti-inflammatory effects of glucocorticoids. Glucocorticoids cross the cell membrane and bind to GR� in the cytoplasm, which translocates to
the nucleus. GR homodimers bind to GRE in glucocorticoid-responsive genes, which may trans-activate genes encoding anti-inflammatory proteins, such as
SLPI, MKP-1, and glucocorticoid-induced leucine zipper (GILZ). GR also interacts with coactivator molecules, such as CBP, which have been activated by
proinflammatory transcription factors, such as NF-�B. GR recruits HDAC2, which deacetylates core histones to suppress inflammatory gene transcription. GR
also has post-translational effects by increasing the expression of tristetraprolin (TTP), which binds to the AU-rich untranslated ends of mRNAs of some
inflammatory cytokines, resulting in destabilization and thus reduced expression of these cytokines.
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cocorticoids, such as inhibition of osteocalcin, which is
involved in bone synthesis (48).
The major action of glucocorticoids is to switch off multiple

activated inflammatory genes that code for cytokines, chemo-
kines, adhesion molecules, inflammatory enzymes, and recep-
tors (49). These genes are switched on in the airways by proin-
flammatory transcription factors, such as NF-�B and AP-1
(activator protein-1), both of which are usually activated at sites
of inflammation in asthma and chronic obstructive pulmonary
disease (COPD), resulting in the switching on of multiple
inflammatory genes. These genes are activated through inter-
actions with transcriptional coactivator molecules in a manner
similar to that described above for GR-mediated gene tran-
scription (38).
Activated GR interact with corepressor molecules to attenu-

ate NF-�B-associated coactivator activity, thus reducing his-
tone acetylation, chromatin remodeling, and RNA polymerase
II actions (38, 44). More importantly, reduction of histone
acetylation occurs through the specific recruitment of HDAC2
(histone deacetylase-2) to the activated inflammatory gene
complex by activated GR, thereby resulting in effective sup-
pression of activated inflammatory genes within the nucleus
(Fig. 2). GR becomes acetylated upon ligand binding, allowing it
to bind to GRE, and HDAC2 can target acetylated GR, thereby
allowing it to associatewith theNF-�B complex (50). The site of
acetylation of GR is the lysine-rich region �495 to �492 with
the sequence KKTK. Site-directed mutagenesis of Lys494 and
Lys495 prevents GR acetylation and reduces activation of the
SLPI gene by glucocorticoids, whereas repression of NF-�B is
unaffected.
Additional mechanisms are also important in the anti-in-

flammatory actions of glucocorticoids. Glucocorticoids have
potent inhibitory effects onMAPK signaling pathways through
the induction of MKP-1, and this may inhibit the expression of
multiple inflammatory genes (Fig. 2) (46, 47). An important
effect of glucocorticoids in the treatment of asthma is through
suppression of TH2 cells and TH2 cytokines (IL-4, IL-5, and
IL-13), and thismay bemediated via inhibition of the transcrip-
tion factor GATA3, which regulates the transcription of TH2
cytokine genes (51). This is controlled by translocation of
GATA3 from the cytoplasm to the nucleus via importin-� after
phosphorylation by p38 MAPK. Glucocorticoids potently
inhibit GATA3 nuclear translocation, as GR competes for
nuclear import via importin-� and also induces MKP-1 to
reverse the phosphorylation of GATA3 by p38 MAPK (52). A
further immunosuppressive effect of glucocorticoids is through
enhanced activity and expression of indoleamine 2,3-dioxyge-
nase, a tryptophan-degrading enzyme that plays a key role in
the regulation of T lymphocyte function in allergic diseases
though increased secretion of the anti-inflammatory cytokine
IL-10 (53). Interestingly, this effect of glucocorticoids on
indoleamine 2,3-dioxygenase is further enhanced by statins
(54).
Post-transcriptional Effects—Some proinflammatory genes,

such as TNF-�, have unstable mRNA that is rapidly degraded
by certain RNases but stabilized when cells are stimulated by
inflammatory mediators. Glucocorticoids reverse this effect,
resulting in rapid degradation of mRNA and reduced inflam-

matory protein secretion (55). This may be mediated through
the increased gene expression of proteins that destabilize
mRNAs of inflammatory proteins, such as the zinc finger pro-
tein tristetraprolin, which binds to theAU-rich 3�-untranslated
region of mRNAs of certain cytokine mRNAs (Fig. 2) (56).
Interaction with �2-Adrenergic Receptors—Inhaled �2-ago-

nists and glucocorticoids are frequently used together (usually
as a fixed-combination inhaler of a glucocorticoid with a
LABA), and it is now recognized that there are important bio-
chemical interactions between these two classes of drug (57,
58). Glucocorticoids increase transcription of the �2-receptor
gene, resulting in increased expression of cell surface receptors.
This has been demonstrated in human lung in vitro (59) and
nasalmucosa in vivo (60) after topical application of a glucocor-
ticoid. In this way, glucocorticoids protect against the down-
regulation of �2-receptors after long-term administration (61).
This may be important for the non-bronchodilator effects of
�2-agonists, such as mast cell stabilization. Glucocorticoids
may also enhance the coupling of �2-receptors to Gs, thus
enhancing �2-agonist effects and reversing the uncoupling of
�2-receptors thatmay occur in response to inflammatorymedi-
ators, such as IL-1�, through a stimulatory effect onGRK2 (14).

There is increasing evidence that �2-agonists may affect GR
function and thus enhance the anti-inflammatory effects of glu-
cocorticoids. LABA increase the translocation of GR from the
cytoplasm to the nucleus after activation by glucocorticoids
(62). This effect has been demonstrated in sputum macro-
phages of asthmatic patients after treatment with an inhaled
glucocorticoid and inhaled LABA (63). This suggests that
LABA and glucocorticoids enhance each other’s beneficial
effects in asthma therapy, and thismay contribute to the greater
efficacy of combination inhalers compared with increased
doses of ICS in clinical trials (64).
Glucocorticoid Resistance Pathways—Patients with severe

asthma and asthmatics who smoke have a poor response to
glucocorticoids, which necessitates the need for high doses,
and a few patients are completely resistant (65). Several bio-
chemical mechanisms have now been identified to account
for glucocorticoid resistance. In smoking asthmatics and
patients with severe asthma, there is a reduction in HDAC2
activity and expression, which prevents glucocorticoids
from switching off activated inflammatory genes (66, 67).
This reduction in HDAC2may be secondary to oxidative and
nitrative stress and the generation of peroxynitrite, which
nitrates critical tyrosine residues on HDAC2, leading to its
ubiquitination and proteasomal degradation (Fig. 3) (68).
Oxidative stress activates PI3K�, which results in subse-
quent HDAC2 phosphorylation and inactivation (69).
Hypoxia reduces transcription of the HDAC2 gene via acti-
vation of hypoxia-inducible factor-1�, which binds to the
promoter region, leading to transcriptional repression (70).
Other mechanisms may also contribute to glucocorticoid
insensitivity, including reduced translocation of GR as a
result of phosphorylation by p38MAPK (71) and JNK, which
phosphorylates GR at Ser226 (72). Some asthmatic patients
with severe glucocorticoid resistance show abnormal his-
tone acetylation patterns (73). Another proposed mecha-
nism is that increased GR� may prevent GR� binding to
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DNA, but the amounts of GR� appear to be too low (74).
Although glucocorticoids do not bind to GR�, it is transcrip-
tionally active, and the GR antagonist mifepristone (RU-486)
binds to GR�, making it translocate to the nucleus, but the
endogenous ligand of GR� is currently unidentified (75).

Theophylline

Methylxanthines, such as theophylline, which are related to
caffeine, have been used in the treatment of asthma since 1930,
and theophylline is still widely used in developing countries
because it is inexpensive. However, the frequency of side effects
and the relatively low efficacy of theophylline have recently led
to reduced usage in many countries because inhaled �2-ago-
nists aremore effective as bronchodilators and ICS have greater
anti-inflammatory effects. In patientswith severe asthma, theo-
phylline still remains a very useful add-on therapy, and there is
increasing evidence that it has anti-inflammatory effects and
may enhance the anti-inflammatory effects of glucocorticoids
(76).
The mechanism of action of theophylline is still uncertain.

The bronchodilator effect seen at high plasma concentrations
(10–20 mg/liter) is due to inhibition of phosphodiesterases
(PDE) in airway smooth muscle, particularly PDE3, which
results in increased cAMP concentrations. Inhibition of PDE4
accounts for the common side effects of nausea, diarrhea, and
headaches. At therapeutic concentrations, theophylline antag-
onizes adenosine receptors, particularly A2B-receptors, on
mast cells to inhibit adenosine-mediated mediator release (77).
Antagonism of A1-receptors may account for the serious side
effects of cardiac arrhythmias and seizures. Theophylline pre-
vents the translocation of NF-�B into the nucleus, thus poten-
tially reducing the expression of inflammatory genes in asthma,
and this appears to be due to a protective effect against the
degradation of the inhibitory protein I�B� (78). However, these
effects are seen only at high concentrations and may be medi-
ated by inhibition of PDE. Theophylline promotes apoptosis in
eosinophils and neutrophils in vitro. This is associated with a
reduction in the anti-apoptotic protein Bcl-2 (79). This effect is

not mediated via PDE inhibition but, in neutrophils, may be
mediated by antagonism of adenosine A2A-receptors (80).

Theophylline is an activator of histone deacetylases (HDAC)
at low therapeutic concentrations (1–5 mg/liter), thus enhanc-
ing the anti-inflammatory effects of glucocorticoids in vitro and
in animal models in vivo (81, 82). This mechanism is indepen-
dent of PDE inhibition or adenosine antagonism and appears to
be mediated in vitro and in vivo by direct inhibition of oxidant-
activated PI3K�, which is activated by oxidative stress (69, 83).
The anti-inflammatory effects of theophylline are inhibited by
the HDAC inhibitor trichostatin A. Low doses of theophylline
increase HDAC activity in bronchial biopsies of asthmatic
patients and correlate with reduction in eosinophils in the air-
way wall (81).

Leukotriene Modifiers

Cysteinyl leukotrienes (CysLT) are produced in asthma and
have potent effects on airway function, inducing bronchocon-
striction, plasma exudation, and mucus secretion, and possibly
on eosinophilic inflammation (84). Blocking leukotriene path-
ways may be beneficial in asthma, and this has led to the devel-
opment of 5�-lipoxygenase (5-LOX) enzyme inhibitors (of
which zileuton is the only drug marketed) and several antago-
nists of the CysLT1 receptor, including montelukast, zafirlu-
kast, and pranlukast. Although there are clinical improvements
in symptoms and lung function and reduced exacerbations,
these drugs are significantly less effective than low doses of ICS
in asthma but are used because they are effective orally and
appear to be safe. The pathways involved inCysLT synthesis are
strictly compartmentalized within the cell. Ca2� stimulates the
binding of type IVAcytosolic phospholipaseA2 (cPLA2�) to the
cell membrane, with release of arachidonic acid, and the bind-
ing of 5-LOX to the nuclear membrane, where it co-localizes
with FLAP (five-LOX-activating protein) and converts arachi-
donic acid to LTA4 (Fig. 4). In certain cells that express LTC4
synthase (mast cells and eosinophils), 5-LOX also co-localizes
with these enzymes to generate CysLT from LTA4 (85). FLAP,
LTC4 synthase, and PLA2 inhibitors are now in development as

FIGURE 3. Signaling pathways involved in glucocorticoid resistance in
severe asthma and smoking asthmatics. Oxidative and nitrative stress gen-
erates peroxynitrite, which nitrates specific tyrosine residues (NO-Tyr) on
HDAC2, resulting in its ubiquitination (Ub) and proteasomal degradation. Oxi-
dative stress also activates PI3K�, which also leads to subsequent phos-
phorylation (P) and ubiquitination of HDAC2, resulting in glucocorticoid
resistance.

FIGURE 4. Leukotriene modifiers. Cell activation increases intracellular Ca2�

ions, leading to association of cPLA2� with the nuclear membrane, generat-
ing arachidonic acid. This activates 5-LOX, which is also located in the nuclear
membrane bound to FLAP. This generates LTA4, which is converted by mem-
brane-bound LTC4 synthase (LTC4S) in cells, such as mast cells and eosino-
phils, into LTC4, LTD4, and LTE4, which then activate CysLT1 receptors on tar-
get cells, such as airway smooth muscle cells. This pathway may be blocked by
various types of drugs shown in green boxes.
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potential asthma therapies. Secreted PLA2 enzymes cooperate
with cPLA2; secreted PLA2-X is increased in the airways of
asthmatic patients and potently stimulates CysLT release from
eosinophils, which is inhibited by p38 MAPK and JNK inhibi-
tors (86).

Concluding Remarks

There is now a relatively good understanding of how drugs
used to treat asthma work in terms of their biochemical mech-
anisms, providing opportunities to improve existing treatments
and to discover novel therapies in the future (5). For example,
once-daily �2-agonists, such as indacaterol and vilanterol, that
dissociatemore slowly from�2ARhave beendeveloped (6). The
recognition that �2-agonists may have potentially adverse
effects through activating inflammatory pathways via interac-
tion with �-arrestins might lead to the development of biased
�2-agonists that are less likely to have this activity and, at the
same time, are less likely to result in tolerance (20). Several
once-daily anticholinergics have been developed for treating
COPD, but they may also be useful in treating patients with
severe asthma (33). There are additive effects between �2-ago-
nists and anticholinergics, which may be explained by cross-
talk between signaling pathways, such that inhibition ofM2-re-
ceptors may enhance the stimulatory effect of �2-agonists on
adenylyl cyclase, and inhibition of phosphatidylinositol hydro-
lysis via M3-receptors may also increase signaling effects of
�2-agonists. This has led to the development of fixed-combina-
tion inhalers that contain a once-daily �2-agonist and anticho-
linergic (87).
Understanding the biochemical pathways involved in sup-

pression of inflammation by glucocorticoids and the molecular
mechanisms of glucocorticoid resistance has led to new thera-
peutic approaches. Nonsteroidal selective glucocorticoid
receptor agonists (so-called dissociated steroids) that target the
trans-repression pathway linked to inhibition of NF-�B-in-
duced inflammatory genes with relative sparing of trans-acti-
vation pathways that involve DNA binding should theoretically
reduce the side effects of glucocorticoids that appear to be
mediatedmainly via trans-activation (88). In reality, it has been
difficult to demonstrate marked dissociation of beneficial and
adverse effects with the compounds currently in development.
Approaches to treating glucocorticoid resistance in asthma
include alternative anti-inflammatory treatments such as
MAPK inhibitors and drugs that activateHDAC2, such as theo-
phylline and other PI3K� inhibitors. PDE4 inhibitors (now
approved in Europe for severe COPD) may be useful in severe
asthma (89). Although leukotriene receptor antagonists have
been disappointing in the treatment of asthma, drugs acting
higher up the leukotriene synthesis pathway, such as 5-LOX
and subtype-selective PLA2 inhibitors, might be more effective
through inhibiting the synthesis of more inflammatory media-
tors (90). It has so far proved difficult to development novel
anti-inflammatory treatments for asthma that are as safe or
effective as ICS, but perhaps a better understanding of the
inflammatory signaling pathways in asthmatic airway cells
might lead to more effective novel classes of therapy in the
future.
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88. Schäcke, H., Berger,M., Rehwinkel, H., andAsadullah, K. (2007)Mol. Cell.
Endocrinol. 275, 109–117

89. Hatzelmann, A., Morcillo, E. J., Lungarella, G., Adnot, S., Sanjar, S.,
Beume, R., Schudt, C., and Tenor, H. (2010) Pulm. Pharmacol. Ther. 23,
235–256

90. Garcia-Garcia, H. M., and Serruys, P. W. (2009) Curr. Opin. Lipidol. 20,
327–332

MINIREVIEW: Biochemical Basis of Asthma Therapy

SEPTEMBER 23, 2011 • VOLUME 286 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 32905



Termination of Protein
Synthesis in Mammalian
Mitochondria*
Published, JBC Papers in Press, August 26, 2011, DOI 10.1074/jbc.R111.290585

Zofia M. A. Chrzanowska-Lightowlers1, Aleksandra Pajak, and
Robert N. Lightowlers
From the Mitochondrial Research Group, Institute for Ageing and Health,
Newcastle University, Medical School, Framlington Place,
Newcastle upon Tyne NE2 4HH, United Kingdom

Allmechanisms of protein synthesis can be considered in four
stages: initiation, elongation, termination, and ribosome recy-
cling. Remarkable progress has been made in understanding
how these processes aremediated in the cytosol ofmany species;
however, details of organellar protein synthesis remain sketchy.
This is an important omission, as defects in human mitochon-
drial translation are known to cause disease andmay contribute
to the aging process itself. In this minireview, we focus on the
recent advances that have beenmade in understanding how one
of these processes, translation termination, occurs in the human
mitochondrion.

The synthesis of proteins is a fundamentalmechanism of life.
It is clearly essential that the process ofmRNA translation, from
which proteins are generated, is accurate and well controlled.
Translation consists of four stages. The first is initiation, in
which a repertoire of initiation factors coordinates the associa-
tion of mRNA with the ribosomal subunits, recognition of the
start codon, and its alignment with an fMet-tRNAMet in the
ribosomal P-site. The second stage is elongation, which is facil-
itated by the action of elongation factors. These act in concert,
causing the mRNA tomove through the ribosome in steps cor-
responding to three nucleotides commonly referred to as a
codon (1). This stepwise progression allows each codon to be
decoded by the cognate aminoacylated tRNA, with the conse-
quent addition of the corresponding amino acid to the nascent
polypeptide (2). The third stage is termination, which occurs
when a stop codon arrives in the ribosomal A-site and is recog-
nized by a trans-acting protein termed a translation release
(RF)2 or termination factor. This acts in a ribosome-dependent
manner, resulting in the nascent polypeptide being separated
from theP-site tRNA, allowing the newly synthesized protein to
be released from the ribosome. The final stage is that of ribo-
some recycling, in which the large (LSU) and small (SSU) ribo-
somal subunits are separated, and themRNA is released so that
the components can be used in a fresh cycle of translation.

Extensive research on these individual steps has shown that,
across the three domains of life, there are differences in both the
cis- and trans-acting factors involved in carrying out these pro-
cesses, resulting in mechanistic variations. Moreover, investi-
gations into intraorganellar protein synthesis suggest that there
are further subtleties to this process, with differences even
between organelles from different organisms. To illustrate how
the systems can differ as well as retain similarities, this minire-
view will concentrate on a single step in this process, namely
translation termination, and focus on how mitochondria have
organized their machinery to accomplish this process.

Termination

Termination of translation occurs when a stop codon
becomes positioned in the ribosomal A-site and is decoded by a
proteinmoiety. This trans-acting factor (an RF) acts in an anal-
ogous fashion to the tRNAs, as it shows sequence-specific rec-
ognition (Fig. 1A). The crucial difference from the mechanism
of elongation is that the codon is recognized solely by a protein-
aceous factor rather than a tRNA. Discrimination of the A-site
codon is accomplished by the interactions of two domains
within the RF that are brought into apposition in the tertiary
structure, entering the decoding center (DC) of the ribosome at
the interface of the SSU and LSU. On recognition and interac-
tion between the RF and the A-site stop codon, the third RF
domain containing the GGQ motif swivels into the peptidyl
transferase center (PTC) (Fig. 1B) (3). This arrangement facili-
tates the hydrolysis of the ester bond between the last decoding
tRNA that is still in the P-site and the completed polypeptide.
This cleavage allows the nascent protein to complete its migra-
tion out of the exit tunnel, leaving a ribosome with a deacylated
tRNA in the P/E-site (Fig. 1C) (2).

Mitochondrially Encoded Translation Termination
Codons Vary between Species: Who Uses What?

With the extensive availability of genomic and transcrip-
tomic sequences, the gene organization of manymitochondrial
genomes has now been analyzed and compared with the stand-
ard genetic codon usage. Among the identified variations are
changes to or from the three canonical stop codons (UAA,
UAG, and UGA) that are used in eu/archaebacteria, plant plas-
tids, and the eukaryotic cytosol (4–6). Some examples of these
variants are given below.
In addition to the three standard termination codons,

Thraustochytrium (marine protist) mitochondrial DNA is pre-
dicted to utilize UUA as a fourth termination codon (Table 1)
(The Organelle Genome Megasequencing Program (OGMP)
and Ref. 8). The unicellular green alga Scenedesmus obliquus
has retained a three-stop codon system, but only two of the
standard stop codons are used, UGA/UAA, with UCA con-
verted to a novel stop codon and UAG recoded as a leucine (9).
In contrast, analysis of ORFs in mitochondrial DNA from the
vast majority of organisms indicates a reduction from the
standard three to two stop codons, retaining UAA/UAG but
disposing of UGA, which is decoded by a tRNATrp (TriTrypDB

* This minireview will be reprinted in the 2011 Minireview Compendium,
which will be available in January, 2012.
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THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 40, pp. 34479 –34485, October 7, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

OCTOBER 7, 2011 • VOLUME 286 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 34479

MINIREVIEW This paper is available online at www.jbc.org



Database and Refs. 10–12). Chlorophycean (freshwater green
algae) mitochondrial DNA also uses only two stop codons,
retaining, in this instance, UAA and UGA, with UAG being
recognized by tRNALeu (14, 15). Although there are conflicting
opinions, it has been suggested that flatworms and round-
worms have diminished their mitochondrial stop codon usage
to a single triplet, retaining UAG, with UAA and UGA recoded
as tyrosine and tryptophan, respectively (16, 17). Transcrip-
tomic data from the nematode Radopholus similis suggest that
the system has been minimized further, with 7 of the 12 ORFs
lacking any canonical stop codon. Moreover, the lack of tran-
script polyadenylation implies that these could not be gener-
ated post-transcriptionally (18).
This very brief summary illustrates how the cis-acting ele-

ments determining translation termination have diverged from

the bacterial and eukaryotic cytosol but also quite considerably
between mitochondria from different organisms (Table 1). It is
not simply in the number of stop codons, from an increased
quota of four down to one single stop codon or possibly no stop
codon at all, but also in the choice of nucleotide triplets that can
act as stop codons and to which amino acid the redundant stop
will be recoded (6, 11). The majority of these mtDNA stop
codons have been determined by analysis of DNA sequences
and predicted ORFs. Analysis of the DNA sequence alone can,
however, be misleading. The mtDNA of Atlantic codfish has
been analyzed, and the length of the ORFs inferred, accepting
AGA as a stop codon. Later analysis of experimentally deter-
mined mitochondrial (mt) mRNA sequences from these gadid
species, togetherwith the poly/oligo(A) status, revealed that the
transcripts were shorter than had been predicted and that only

FIGURE 1. Schematic illustrating the action of an RF during translation termination. A, a ribosome that has completed protein synthesis and translocated
the stop codon to the A-site. The RF has two critical functional domains; one is required to recognize the stop triplet, and the other, which on correct positioning
in the PTC, facilitates the hydrolysis of the ester bond between the terminal P-site tRNA and the nascent polypeptide. B, the correct insertion and spanning of
these two RF functional domains that are �70 Å apart when in the ribosome. C, the completed protein has dissociated from the tRNA and is released from the
ribosome, and in all probability, this is accompanied by specific chaperones to ensure correct folding and association with partner proteins (not depicted here).

MINIREVIEW: Mitochondrial Translation Termination

34480 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 40 • OCTOBER 7, 2011



canonical termination signals were used (19). It was just such
visual inspection of the human mtDNA that, taken together
with evolutionary comparisons, led to the assumption that the
AGA/AGG triplets that are decoded as arginine in the cytosol
had been reassigned as termination triplets (20, 21). This orig-
inal prediction proposed that human mitochondria use an
extended repertoire of four stop codons, an assumption that
was adopted into the literature (16, 22–25). Recent experimen-
tal evidence has revealed, however, that human mitochondria
use only UAA/UAG as stop codons (26). Taken together with
the recoding of UGA to tryptophan, humanmitochondria have
therefore evolved the most common deviation from the stand-
ard genetic code.
As mentioned above, termination codons are not unas-

signed. Instead of recognition beingmediated by anRNA trans-
acting factor in the well characterized mRNA/tRNA codon/
anticodon interaction, these triplets are recognized by proteins
that demonstrate sequence specificity, namely class I RFs. The
distinct variation in the codons that are or are not used inmito-
chondria fromdifferent organelles suggests that elements of the
trans-acting RFswill need to have evolved to be able to discrim-
inate accordingly. The features responsible for this are
described below.

What Are the Protein Factors That Recognize the Stop
Codons?

RFs are divided into two groups, those that demonstrate
sequence-specific recognition of the mRNA (class I) and those
that do not (class II). A brief description of the critical features

of only class I RFs will be given here. Extensive research has
been performed onRFs fromeu/archaebacteria and the eukary-
otic cytosol. These structural, genetic, and biochemical analy-
ses have allowed accurate definition of the regions that are
important for function and a deeper understanding of the
molecular mechanisms in which they take part (1, 3, 27–31).
RFs essentially have two main aspects to their activity. First is
the discrimination of A-site triplets, which requires sequence-
specific recognition of an appropriate stop codon in the A-site.
Following such recognition, the RF remains associated with the
ribosome and adopts a rigid open conformation (3, 27, 28, 32).
The second RF activity is catalysis of the hydrolysis of the ester
bond that links the P-site tRNA and the terminal amino acid,
which effectively anchors the nascent peptide to the ribosome
(33). This second activity is dependent on the first, and both are
dependent on the context of the ribosome for the RF to pro-
mote peptidyl-tRNA hydrolysis.
A single RF is present in archaebacteria (aRF1) and the

eukaryotic cytosol (eRF1), and each recognizes all three of the
canonical stop codons used in these compartments (34, 35).
Eubacteria also use the three canonical stop codons but have
two RFs; both recognize UAA, but RF1 alone has specificity for
UAG, and only RF2 has specificity for UGA (29, 36). Although
the tertiary structure of most RFs has been described as resem-
bling that of a folded tRNA (32, 37–39), as might be expected,
the differences in codon recognition requirement are reflected
in the structure and sequence of the domains responsible for
this activity. Two regions are separated in the linear amino acid
sequence but become apposed in the DC at the interface of the
SSU/LSU and the A-site mRNA (3, 28). These two regions are
the tip of the �5 helix and a tripeptidemotif in domain 2 (3, 28).
The latter has a consensus sequence of PXT for RF1 (whereX is
variable) and SPF for RF2 proteins. For eRF1, it is the conserved
NIKS and YXCXXXF motifs in the N-terminal domain that are
implicated in stop codon recognition (31, 35, 40–43). Although
there are differences in the amino acid sequences between eRFs
and RF1/RF2 proteins, the GGQ motif that mediates peptidyl-
tRNA hydrolysis is conserved throughout all the ribosome-de-
pendent RFs (44). This motif is within a relatively conserved
stretch of amino acids in domain 3 (Table 2), ensuring that once
the RF is in the open conformation, the GGQ motif will be
positioned in the PTC to promote peptidyl-tRNA hydrolysis by
the ribosome.

TABLE 1
Variations in stop codon triplets
Sources are given in text.

Organism/compartment
Stop codon usage

UAA UAG UGA UCA UUA Other

Eubacteria TERa TER TER
Archaebacteria TER TER TER
Eukaryotic cytosol TER TER TER
Yeast mitochondria TER TER Trpb
Human mitochondria TER TER Trp AGA/AGG (unassigned)
Drosophilamitochondria TER TER
Trypanosome mitochondria TER TER Trp
Platyhelminth/nematode mitochondria Tyr TER Trp 7/12 non-canonical stop codons
Chlorophycean mitochondria TER Leu TER
S. obliquusmitochondria TER Leu TER TER
Thraustochytriummitochondria TER TER TER TER

a TER, termination codon.
b Boldface type indicates deviation from standard genetic code.

TABLE 2
Alignment of GGQ motifs from RFs from selected species

Human mtRF1a RIDTKRASGAGGQHVNTTDSAVRIVHLP
Human mtRF1 RIDTFRAKGAGGQHVNKTDSAVRLVHIP
Mouse mtRF1 RVDTFRARGAGGQHVNTTDSAVRLVHIP
Candida glabrataMRF1 RIDVKRASGKGGQHVNTTESAVRLTHIP
S. pombeMRF1 KIEVMRSRGAGGQHVNRTESAVRLTHIP
Caenorhabditis elegansMRF1 KIEAMRASGPGGQNVNKRSTAVRMTHKE
Drosophila melanogasterMRF1 KIETKRASGAGGQHVNTTDSAVRIVHLP
Anopheles gambiaeMRF1 EMQTSRSGGAGGQNVNKVETKVQLTHKP
Trypanosoma bruceimtRF1 NIEFVRGSGPGGQGMQSSSNAVCLTHKP
E. coli RF1 RIDTFRSSGAGGQHVNTTDSAIRITHLP
Rickettsia prowazekii RF1 RIDTYRASGAGGQHVNTTDSAVRITHIP
R prowazekii RF2 RIDTFRSSGAGGQHVNTTDSAVRITHIP
Human ICT1 TISYCRSSGPGGQNVNKVNSKAEVRFHL
Human C12orf65 EEQFVKGHGPGGQATNKTSNCVVLKHIP
Human eRF1 TVDLPKKHGRGGQSALRFARLRMEKRHN
Methanococcus maripaludis aRF1 TSGVPGKFKAGGQSARRLERLIDDAAHQ
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How Do These Features Relate to the Requirements in
the Numerous Mitochondrial Systems with Their
Unusual Termination Codon Usage?

In comparison with the research on aRF1/eRF1 and the
eubacterial RF1/RF2 proteins, little is known about the mito-
chondrial counterparts. However, alignment of amino acid
sequences against non-mitochondrial RFs indicates proteins
with which there is the highest identity/similarity. Thus far, the
mitochondrial factors most closely resemble the eubacterial
RF1-type proteins (45, 46).

Which of These Factors Actually Function to Terminate
Protein Synthesis in Human Mitochondria?

In 1998, analysis of expressed sequence tags revealed a can-
didate for the humanmitochondrial RF that appeared to corre-
spond to a full-length RFwith similarity to eubacterial RF1 (23).
As a consequence, this protein was assimilated into the litera-
ture as mtRF1 and reported as the single mitochondrial RF (29,
42, 47). On alignment with RF1 and RF2, there was more simi-
larity to RF1, but there were still clear differences in the regions
now known to be responsible for sequence recognition. This
appeared to be fully compatible with the perceived change in
stop codon usage, with AGA/AGG being taken as termination
codons in addition to the standard UAA/UAG codons. The
alteration of the PXT tripeptide motif to a PEVGLS hexapep-
tide was assumed to account for the need to recognize this
expanded and varied repertoire of termination triplets. Indeed,
the tip of the�5 helix also differs comparedwith themajority of
eubacterial RFs as shown (see supplemental Fig. S2 in Ref. 45).
Further substantiating evidence was the presence of an almost
identical protein in othermammals. AlthoughmtRF1 appeared
to be a credible candidate and indeedwas later determined to be
mitochondrial, functional in vitro assays were unable to con-
firm any peptidyl-tRNAhydrolase activity for this protein using
the Escherichia coli ribosome (45). Moreover, human mtRF1
was unable to rescue the loss of either fission or fusion yeast
mitochondrial RFs in vivo (45). Chimeric forms of bacterial RF1
were generated that substituted particular amino acids corre-
sponding to the putative sequence recognition domains from
human mtRF1. Under particular conditions in an in vitro assay
with standard stop codons, these chimeras lost normal pepti-
dyl-tRNAhydrolysis activity, but with codons beginningwithA
(particularly AAG), some activity was detected (48). It has now
been demonstrated that it is a second mitochondrial RF family
member, mtRF1a (also known as mtRF1-L (49)), that is wholly
responsible for translation termination of all ORFs in human
mitochondria (26).

Does mtRF1a Retain All the Characteristic Features of an
RF?

Structural data for a number of RFs are available, and overall,
mtRF1a appears to conform to the general pattern of RF1-type
proteins. The protein database was primed with the amino acid
sequence of humanmtRF1a to generate amodel (Fig. 2A) based
on RF1 from Thermus thermophilus and a superimposition of
the two structures in given in Fig. 2B. This indicates that, in
mtRF1a, the important domains and motifs that are character-
istic of class I RFs are correctly positioned to generate a func-

tional RF. Although RFs have been reported to adopt either an
open or closed structure, it is the open form with domain 3
almost perpendicular to domain 2 (3, 30) that is functional
when found resident in the ribosome. This open form “locks”
into position only when a termination codon has been recog-
nized as being in the A-site. The specificity for the A-site stop
codon is determined by the tripeptide motif together with the
tip of the �5 helix. In human mtRF1a, the former is present as
PKT, with high levels of identity in the flanking region. The
latter, unlike mtRF1, conforms to the length and amino acid
content of a number of RF1 proteins. When extended, domain
3 with the GGQmotif at the distal tip positions this motif at the
PTC (reviewed in Ref. 50); again, mtRF1a not only retains this
conserved motif but has high levels of identity in the flanking
amino acids (45). Thus, mtRF1a appears to have retained the
crucial features and structures expected in a class I RF1-type
protein.
Co-crystallization and structural analyses have given us

details of specific interactions between the nucleotides of the
stop codon with the ribosome and the amino acid residues of
eubacterial RFs. Although a great deal can be inferred from this
with respect to the mitochondrial system, mitoribosomes
(mitochondrial ribosomes) can be quite different, as described
below, and thus far, no structure has been generated of mitori-
bosomes with RFs physiologically positioned in the A-site.
Moreover, because humanmitochondria have nowbeen shown
to frameshift at the end of theMTCO1 andMTND6ORFs, it is

FIGURE 2. Model of the human mitochondrial RF (mtRF1a). A, mtRF1a is
modeled on T. thermophilus RF1 (Protein Data Bank code 2B64 (28)), and the
structural domains are numbered according to the bacterial notation
(domains 1– 4, blue). After entering the ribosome, the RF first has to distin-
guish whether a stop codon is present in the A-site. If termination is to pro-
ceed, domain 3 then swings away from domain 2 (dotted arrow showing
direction of movement) and locks into the fully extended conformation. This
positions the distal tip of domain 3 containing the conserved GGQ motif
(brown) at the PTC. The PTC is embedded in the LSU of the mitoribosome, and
this orientation of the RF and ribosome allows peptidyl-tRNA hydrolysis to
occur. The GGQ motif, which is characteristic of ribosome-dependent pepti-
dyl-tRNA hydrolases (PTK), is flanked by a region that is also relatively well
conserved (green). A second critical feature of RFs determines stop codon
selectivity. This is the sequence recognition domain (purple) and includes the
PKT motif (within domain 2) and the tip of the �5 helix (within domain 4).
These align with the mRNA in the A-site at the interface between the ribo-
somal subunits. It is this open conformation that is represented here, and it
results in the RF spanning the two ribosomal subunits, with the approximate
position of the LSU and SSU interface illustrated by the dashed blue line. B, the
Protein Data Bank-generated superimposition of human mtRF1a (orange)
and T. thermophilus RF1 (gray) indicates the level of similarity in structure as
predicted from the primary amino acid sequence.
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probable that the interactions at the DC behave differently.
This �1 frameshift functions to position a standard UAG stop
codon in the A-site rather than either the AGA or AGG codon
described above. To allow any frameshift to occur, there are
interactions between the mRNA, rRNA, and tRNAs that need
to be broken and reformed. Differences in the structure of the
mammalian mitoribosome compared with standard bacterial
70 S and eukaryotic 80 S particles are discussed below; however,
particular features of the mammalian mitoribosome, including
the loss of mt-rRNA domains, the increased porosity, and the
apparent loss of an exit site tRNA, are likely to facilitate the �1
shift that repositions the mt-mRNA codon in the A-site so that
UAG rather than AGA or AGG triggers RF activity and release
of the nascent polypeptide from the mitoribosome.

What About the GGQ Motif?

Here, there is very high identity of both mtRF1a and mtRF1
compared with other RF proteins.Mitochondrial RF sequences
have also been identified in a number of mammals, yeasts
(including but not restricted to Schizosaccharomyces pombe,
Saccharomyces cerevisiae, and Kluyveromyces lactis) nema-
todes, Drosophila, Anopheles, and trypanosomes. In these, as
with the human mitochondrial RFs, the GGQ motif has been
conserved, with high levels of similarity in the flanking
sequence (Table 2) to the eubacterial counterparts. This is not
surprising because this motif has been demonstrated to be crit-
ical in catalyzing peptidyl-tRNA hydrolysis in the PTC (44).
Interestingly, bioinformatics has identified two additional

members of the mitochondrial RF family in humans, namely
ICT1 and C12orf65. Each of these has been reported to play a
crucial role in mitochondrial protein synthesis, as depletion or
expression of mutant forms results in mitochondrial dysfunc-
tion in cultured cell lines and also in patients for C12orf65 (46,
51). Both of these proteins have retained theGGQmotif, and in
both cases, the flanking regions show similarity to other RFs
(Table 2). Although in vitro release activity assays demon-
strated ribosome-dependent peptidyl-tRNA hydrolase activity
for ICT1, no such activity was detected for C12orf65 (46, 51).
Moreover, for ICT1, this activity was independent of the A-site
codon sequence, consistent with alignments indicating that
these two proteins lack both of the domains (tripeptide and tip
of the �5 helix) important in decoding the mRNA and so are
unlikely to act as conventional RFs (46).

Mitoribosomes: Importance of Context for Ester Bond
Hydrolysis

Recognition of the stop codon by the RF takes place within
the ribosome. Moreover, the essential RF activity in promoting
peptidyl-tRNAhydrolysis is ribosome-dependent. Therefore, it
is critical to consider the contribution made to this process by
the ribosomes to appreciate how the ribosomes in various sys-
tems can differ and to assess the potential impact this may have
on the polypeptide release mechanism.
Ribosomes are megadalton molecular machines, with both

RNA and protein components independently assembled into
two subunits that trapmRNA between them. The ribosomes of
the eukaryotic cytosol are 80 S particles made up of a 40 S SSU
and a 60 S LSU, whereas bacterial 70 S monosomes comprise a

30 S SSU and a 50 S LSU. It was expected that mitochondria
would follow their ancestral origins and harbor 70 S ribosomes,
but this does not appear to be universally true. Although the
mitoribosomes from the yeast S. cerevisiae do have a 70 S
monosome, this is where the similarity to characterized eubac-
terial ribosomes ends. Work in the 1970s from a number of
different groups established that Candida utilis has a 72 S par-
ticle made up of 50 S and 36 S subunits (52), Neurosporamito-
chondria contain 73 S monosomes (51 S LSU and 30 S SSU)
(53), Tetrahymena monosomes are 80 S (54), and Xenopus
mitoribosomes are 60 S (55).
By comparison, mammalian mitoribosomes appear to have

one of the lowest sedimentation coefficients at only 55 S, con-
sisting of large and small subunits of 39 S and 28 S, respectively
(56). Despite this difference in sedimentation, the monosome
particles have a similarmass (2.71MDa) to theE. coli ribosome.

Another contrasting feature is the antibiotic sensitivity,
which is consistent with a “loss ormodification of components”
of the 28 S and 39 S subunits (57). This means that although
mammalian mitoribosomes are susceptible to peptidyl trans-
ferase inhibition by chloramphenicol and a subset of aminogly-
cosides that also target eubacterial ribosomes, they are resistant
to fusidic acid, kirromycin, and amikacin (described in Refs. 57
58). This phenomenon has indeed now been shown to be a
consequence of both the “loss” and “modification” of ribosomal
elements. These losses and modifications have had a profound
effect on the RNA/protein ratio. Where the 80 S and 70 S par-
ticles comprise �67% RNA and only 33% protein, this ratio is
almost exactly reversed in themammalianmitoribosome.Here,
the rRNA species contribute only 31% of the mass, with the
remaining 69% being made up of mitoribosomal proteins
(described in Ref. 59).

How and Why Is This Dramatic Reversal Achieved, and
What, if Any, Are the Functional Differences?

Analysis of the rRNA encoded by themammalianmitochon-
drial genome immediately explains one reason for this change
in the RNA/protein ratio. It is currently accepted that there are
only two (12 S and 16 S), not three, rRNA species and that these
are truncated compared with their eubacterial and eukaryotic
counterparts, although recent publications implicate the 5 S
species as an rRNA component imported intomitochondria (7,
13). By overlaying the predicted secondary structures of these
rRNAs, the loss of sequence from the mt-rRNAs is clearly not
randomly dispersed across the sequence but can be seen to lie in
selected areas. This has ensured the preservation of conserved
functional residues, critical helices, and structural domains
(depicted in Ref. 59) while dispensing with regions that appear
to be surplus to requirements. One such example relates to the
Shine-Dalgarno sequences that promote initiation of transla-
tion. The majority of human mt-mRNA species do not contain
5�-untranslated regions, and so upstream Shine-Dalgarno-like
sequences are absent. For this reason, there has been no
requirement to maintain the anti-Shine-Dalgarno-like
sequences in the mt-rRNA with the consequent loss of this
region. However, dispensing with such domains from the mt-
rRNA alone would not be sufficient to cause this dramatic
change in the RNA/protein ratio. To effect this, mammalian
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mitoribosomes have acquired a number of additional proteins
that do not have eubacterial ribosomal orthologs (58).

What Effect Does This Have on the Overall Structure of
the 55 S Mitoribosome?

Although the mammalian mitoribosomes have maintained a
similar molecular mass (2.7 MDa) as bacterial ribosomes, the
change in RNA/protein composition has had an effect on the
structure. The relative loss of mt-rRNA coupled with the
increased protein content has resulted in a reduced sedimenta-
tion coefficient, generating a 55 S particle. This information,
combined with the cryo-EM data, indicates that the mitoribo-
some has a more porous and open structure than its bacterial
counterpart. The mt-SSU comprises �30 polypeptides, 15 of
which are regarded asmitochondrion-specific with no bacterial
orthologs. The mt-LSU has �50 polypeptides, again with
almost half constituting a new class of ribosomal proteins (58).
Hence, it is a combination of the overall protein content and the
acquisition of new polypeptides that contributes to a change in
structure.
This increased protein composition has another important

structural consequence. In several instances, these newly
acquired polypeptides are positioned to generate protein-dense
regions. One example is in the polypeptide exit tunnel that is
now composed ofmitochondrion-specific proteins that line the
last two-thirds of the tunnel (59). Furthermore, at the surface
beyond the tunnel, the exit site is also flanked by mitochondri-
on-specific proteins (59). This mitochondrion-specific, pro-
tein-rich environment may have been specifically adapted to
cope with the highly hydrophobic nature of the mtDNA-en-
coded proteins that are being synthesized (for a comprehensive
recent review, see Ref. 58). Because of their hydrophobicity,
these nascent polypeptides are likely to need either a direct
interaction with the innermitochondrial membrane or an indi-
rect interaction via particular chaperones. It may be that the
mitochondrion-specific components surrounding the exit site
facilitate just such interactions, ensuring accurate insertion
into the membrane and potentially also association with the
correct complement of respiratory complex proteins.
In summary, we are now aware that only a single polypeptide,

mtRF1a (mtRF1-L), is required for terminating the translation
of all 13 humanmitochondrial polypeptides. It has also become
apparent that there are three other members of the mitochon-
drial translation RF family, all three of which are essential for
cell viability. The exact function of these factors remains elu-
sive, but it is striking that RF paralogs in the yeast cytosol per-
form crucial functions in mRNA surveillance systems such as
non-stop and no-go decay mechanisms, which necessitate the
restarting of stalled ribosomes.
Threemajor goals need to be achieved if we are to further our

understanding of human mitochondrial gene expression. First,
we must reconstitute a faithful in vitro mitochondrial transla-
tion system, without which we can never be certain what con-
stitutes a truemitoribosome. Second, we need a high resolution
structure of this complex. Third, we need to determine the
methods of quality control in mitochondrial protein synthesis.
It is undoubtedly going to be a very busy period for mitochon-
drial biology for the foreseeable future.
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Many transposon-related sequences are removed from the
somaticmacronucleus of ciliates during sexual reproduction. In
the ciliate Tetrahymena, an RNAi-related mechanism produces
small noncodingRNAs that induce heterochromatin formation,
which is followed by DNA elimination. Because RNAi-related
mechanisms repress transposon activities in a variety of
eukaryotes, the DNA elimination mechanism of ciliates might
have evolved from these types of transposon-silencing mecha-
nisms. Nuclear dimorphism allows ciliates to identify any DNA
that has invaded the germ-line micronucleus using small RNAs
and a whole genome comparison of the micronucleus and the
somatic macronucleus.

Organisms cope with a variety of transposons that invade
their genomes. These invaders become residents of the genome
as “junk” and “copy and paste” their sequences into the host
sequence to expand their copy numbers. Thus, active trans-
posons pose a major problem to genome integrity. Because dif-
ferent transposons use different strategies to mediate their
activities, their protein products are not common targets for
the repression of transposons. One strategy to silence a variety
of transposons using a single mechanism is to target their DNA
or RNA products. In many eukaryotes, small noncoding RNAs
that are produced by RNAi-related mechanisms induce trans-
poson silencing by repressing the expression of transposon
gene products at the transcriptional and/or post-transcrip-
tional levels (reviewed in Refs. 1 and 2). This small noncoding
RNA-mediated transposon silencing culminates in pro-
grammed DNA elimination in ciliates.
Ciliates are a large heterogeneous group of unicellular pro-

tozoans that branched off early in the evolution of the eukary-
otic kingdom (Fig. 1A). Most laboratory ciliates belong to the
class Oligohymenophorea, including the species Paramecium
tetraurelia and Tetrahymena thermophila, or to the class Spi-
rotrichea, including Euplotes crassus, Oxytricha trifallax, and
Stylonychia lemnae. (We use only the genus names below.)
Most ciliates, including the ones listed above, show nuclear

dimorphism by harboring both the germ-line micronucleus
(Mic)2 and the somaticmacronucleus (Mac) in a single cell (Fig.
1B) (reviewed in Ref. 3). The Mic is diploid and silent during
vegetative growth. In contrast, the Mac is polyploid and tran-
scriptionally active, providing the transcripts that are necessary
for growth.
Despite their structural and functional differences, the Mic

andMac are mitotic products of the same nucleus. During veg-
etative growth, ciliates divide by binary fission, and the two
types of nuclei are independently segregated to daughter cells.
If nutrients are scarce, ciliates turn to sexual reproduction,
which is the conjugation of two cells or autogamy of a single
cell, depending on the species. Only conjugation occurs in Tet-
rahymena, whereas both conjugation and autogamy occur in
Paramecium. In both cases, the Mic provides all of the genetic
material for the future generation, and the newMic andMac of
the sexual progeny are derived from the same zygotic nucleus
formed by the fertilization of two parental Mic-derived haploid
meiotic nuclei (Fig. 1C).
Although the Mic and Mac are produced from one zygotic

nucleus, their genetic contents and their ploidies are different.
These differences are caused by extensive programmed DNA
rearrangements and endoreplication of chromosomes in the
newly formed Mac during each round of sexual reproduction
(reviewed in Ref. 3). The programmed DNA rearrangements
include DNA elimination, chromosome breakage, and DNA
unscrambling of the new Mac genome to produce a fully func-
tional, highly gene-dense, polyploid somatic nucleus (Fig. 2).
DNA elimination and chromosome breakage are common
among many ciliates, whereas DNA unscrambling is restricted
to some classes of ciliates, such asOxytricha and Stylonychia. In
Tetrahymena, chromosome breakage happens at conserved
sequences of �15 bp in length, and new telomeres are added to
these breakage sites, which produces �200Mac chromosomes
from the five chromosomes that are present in the haploid Mic
genome (4). These new chromosomes are eventually endorep-
licated to a copy number of�45. Strikingly, some spirotrichous
ciliates, such as Oxytricha, process the germ-line genome to
generate Mac nanochromosomes that range in size from a few
hundred base pairs to �15 kb, with an average of �2 kb, and
typically contain a single gene. These short Mac chromosomes
are endoreplicated to up to 1000 copies.
Although the Mac has more DNA than the Mic due to

endoreplication, the Mac contains less genomic information
than the Mic. The downsizing of the genome in the Mac is
caused byDNAelimination. An estimated portion of 34%of the
germ-line Mic genome is eliminated from the newly developed
Mac by DNA elimination in Tetrahymena,3 and up to 95% of
the genome is eliminated in Oxytricha (reviewed in Ref. 3). In* This work was supported by European Research Council (ERC) Starting
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Tetrahymena, the vast majority of the DNA elimination events
are deletions of internal DNA segments, named internal elimi-
nated sequences (IESs), followed by ligation of their flanking
Mac-destined sequences (MDSs). Elimination followed by

telomere addition to the flanking sequences is also observed in
other ciliates, such as Paramecium.
The stretches of DNA eliminated contain many transposon-

derived sequences (4–11), indicating that DNA elimination in
ciliates may remove transposons from the transcriptionally
active somatic Mac. In recent years, advances have been made
in identifying the molecular mechanisms that regulate DNA
elimination, and similarities to transposon-silencing mecha-
nisms of other eukaryotes have been revealed. In this minire-
view, we discuss our current understanding of how DNA elim-
ination in ciliates, mainly in Tetrahymena, is regulated by small
noncoding RNAs, and we identify the possible relationship
between transposon silencing and DNA elimination.

Epigenetic Regulation of DNA Elimination

Approximately 6000 IESs exist in the Mic genome of Tet-
rahymena, and they vary in size between 0.6 and 22 kb (12,
13). IESs and the DNA flanking them have highly diverse
sequences (14–16). Despite this divergence, IESs are pre-
cisely excised in two aspects: 1) identical IESs are removed in
different individuals and in different generations, and 2) the
boundaries occur within a few to several base pairs, although
some IESs have alternative boundaries. Because the pro-
cesses are specific and reproducible, some mechanism must
clearly define IESs.

FIGURE 1. Life of ciliates. A, phylogenetic tree of life showing that ciliates branched off early in the eukaryotic evolution (not drawn to scale; reconstructed
based on Ref. 68). B, nuclear dimorphism in ciliates. T. thermophila (left panel) has one Mic (germ line; arrowhead i) and one Mac (soma; arrowhead a), whereas
P. tetraurelia (middle panel) and O. trifallax (right panel) have two Mics and one Mac. (The Mac of O. trifallax is separated into two parts, but they are still
connected.) The DNA was stained with DAPI (red), and cilia were visualized with an anti-tubulin antibody (white). The Tetrahymena, Paramecium, and Oxytricha
images were kindly provided by Kensuke Kataoka (Institute of Molecular Biotechnology, Austrian Academy of Sciences (IMBA)), Mireille Bétermier (Centre de
Génétique Moléculaire, CNRS), and Wenwen Fang (Princeton University). C, life cycle of Tetrahymena. In nutrient-rich conditions, Tetrahymena proliferates
asexually by binary fission, in which the Mic and Mac divide independently (step 1). If nutrients are scarce, Tetrahymena turns to sexual reproduction, called
conjugation (step 2). Soon after pair formation, the morphology of the Mic changes to a crescent form during its meiotic prophase (step 3). Subsequently, the
Mic undergoes meiosis, one of the four meiotic products divides once mitotically to produce two haploid pronuclei in each cell, and three other meiotic
products are degraded (step 4). One of the two pronuclei is exchanged by the conjugating cells (step 5), and the pronuclei fuse to give rise to the diploid zygotic
nucleus (step 6). The zygotic nucleus divides twice mitotically (step 7), and two of the products differentiate to Macs, whereas the others differentiate to Mics
(step 8). The parental Mac becomes pyknotic and is resorbed. After pair separation, one Mic is degraded (step 9). If nutrients are available, the Mic divides, and
cytokinesis segregates Macs and Mics, giving rise to Tetrahymena cells with one Mic and one Mac that grow vegetatively (step 10).

FIGURE 2. Genome rearrangements in T. thermophila. When the zygotic
nucleus differentiates into the Mac, IESs (green) are removed, and MDSs (gray)
are fused together. In addition, chromosome fragmentation occurs at con-
served 15-bp chromosome breakage sequences (asterisks), and telomeres are
added. The Mic has five chromosomes per haploid genome, whereas the Mac
has �200 chromosomes. The Mac chromosomes are endoreplicated to
become �45 n.
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The process of DNA elimination involves epigenetic infor-
mation that is transmitted from the parental Mac to the new
Mac (reviewed in Ref. 17). In both Paramecium and Tetrahy-
mena, the introduction or retention of a Mic-specific sequence
in the parental Mac results in the retention of the same
sequence in the newly formed somatic Mac (18, 19). Con-
versely, removing an MDS from the Mac causes ectopic elimi-
nation of the sequence from the newMac in Paramecium (20).
A foreign (neomycin resistance) gene introduced into theMic is
eliminated from the newMac in Tetrahymena (21, 22). There-
fore, DNA elimination is probably not determined by primary
sequences of eliminated DNAs or their flanking regions, but it
seems that any DNA sequence that exists only in the Mic is
eliminated from the Mac. These results led to the hypothesis
that certain sequence-specific information is transferred from
the parental Mac to the new Mac to define eliminated DNAs.
Advances in the field indicate that DNA elimination depends
on small noncoding RNA as the transmitter of this epigenetic
information.

RNAi-related Mechanism Is Required for DNA
Elimination

As we describe below, DNA elimination in Tetrahymena is
regulated by an RNAi-related mechanism. RNAi-related path-
ways are unified by their dependence on base pairing interac-
tions between small RNAs (20–30 nucleotides (nt)) and target
sequences and by their common use of Argonaute family pro-
teins (23). Inmetazoans, there are two subfamilies ofArgonaute
proteins, Ago and Piwi proteins (24). The Ago proteins associ-
ate with small RNAs (siRNAs and microRNAs) that are pro-
duced by Dicer family proteins from various endogenous and
exogenous dsRNAs. In contrast, Piwi proteins interact with
small RNAs (piRNAs) that are produced by a Dicer-independ-
ent mechanism from endogenous single-stranded RNAs. piR-
NAs from all organisms studied so far are 2�-O-methylated at
their 3� termini by conserved homologs of the RNA methyl-
transferase Hen1. However, 2�-O-methylation is not limited to
piRNAs, and some Dicer-produced small RNAs are also 2�-O-
methylated by Hen1 homologs (25–27).
Twelve Argonaute proteins, three Dicer proteins, and a sin-

gle Hen1 homolog have been identified in Tetrahymena (28–
31). Small RNAs called scan RNAs (scnRNAs) are expressed
exclusively during the sexual reproduction of Tetrahymena
(32). The length of scnRNAswas originally suggested to be�28
nt (32); however, recent sequencing analyses by our group indi-
cate that most of them range from 28 to 30 nt, with a peak at 29
nt.4 Although the production of scnRNAs depends on theDicer
protein Dcl1p (28, 29), they interact with the Piwi protein
Twi1p (32) and are stabilized by 2�-O-methylation at their 3�
termini, which is mediated by the Hen1 homolog Hen1p (31).
Thus, Tetrahymena has an RNAi-related mechanism that
involves both Piwi and Dicer proteins. Twi1p and Dcl1p are
indispensable for DNA elimination, and Hen1p is required for
efficient DNA elimination (28, 31, 32). These findings indicate
that scnRNAs play a pivotal role in DNA elimination. Recently,
two Dicer proteins, Dcl2 and Dcl3, and two Piwi proteins,

Ptiwi01 and Ptiwi09, were identified as the functional counter-
parts of Dcl1p andTwi1p, respectively, in Paramecium (33, 34).
Double knockdown of these Dicer or Piwi proteins causes the
loss of scnRNAs (�25 nt in Paramecium) and defects in DNA
elimination. Therefore, the mechanism of scnRNA-directed
DNA elimination is probably conserved among oligohymeno-
phorean ciliates.

DNA Elimination in Ciliates Requires Concerted Action of
Different Nuclei

Three types of nuclei are involved in the pathway of DNA
elimination: theMic, the parentalMac, and the developing new
Mac. Although this knowledge is based on studies of Parame-
cium and Tetrahymena, we will focus mainly on the molecular
pathway of DNA elimination in Tetrahymena.

Phase 1: Production of scnRNA in Mic

TheMic is transcriptionally inert throughoutmost of the life
cycle, and it is activated for transcription exclusively during its
meiotic prophase (Fig. 3, Phase 1) (35, 36). Mic transcription
most likely produces noncoding RNAs because the transcripts
are derived from regions that have no predicted open reading
frames and have heterogeneous ends. Here, we call these tran-
scriptsMic noncoding RNAs (mic-ncRNAs). TheDicer protein
Dcl1p localizes to the Mic during meiotic prophase and meio-
sis. The loss of DCL1 results in the accumulation of mic-
ncRNAs and the disappearance of scnRNAs (28, 29). This find-
ing indicates that mic-ncRNAs are the precursor of scnRNAs
and that Dcl1p processes mic-ncRNA to form scnRNA in the
Mic. Consistentwith this,mic-ncRNAs are transcribed bidirec-
tionally (37) and potentially form double-stranded RNAs.
Because all of the Mic sequences studied to date produce mic-
ncRNAs (37, 38), scnRNAs may cover the entire Mic genome.
The results of our recent large-scale scnRNA sequencing study
support this view.5

Chromatin restructuring and specific protein localization
may be involved inmic-ncRNA transcription. TheMic-specific
linker histone MLH-� is phosphorylated only during the early
conjugation stages, and it has been suggested that this phospho-
rylation induces the decondensation of the Mic chromosomes,
which may make these chromosomes transcriptionally compe-
tent (39). In addition, the dramaticmorphological change of the
Mic from a compact round shape to an elongated crescent
shape during meiotic prophase may contribute to the decom-
paction of the chromosomes. The transcriptional machinery,
such as the subunits of DNA-dependent RNA polymerase II
and the TATA-binding protein, is excluded from the Mic in
most life stages but localizes to the Mic during meiotic pro-
phase (40, 41). The Mac and Mic have distinct nuclear pore
proteins and utilize different sets of karyopherins (42, 43).
These differences may act as the basis for nuclear specific pro-
tein localization. The Mic-specific transportation system may
be temporary modified duringmeiotic prophase and allows the
basic transcriptional machinery to localize to the Mic.

4 H. M. Kurth and K. Mochizuki, unpublished data. 5 H. M. Kurth and K. Mochizuki, unpublished data.
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FIGURE 3. Model of small RNA-directed DNA elimination in Tetrahymena. The pathway is subdivided into five phases. For each phase, the cellular
compartments labeled in gray indicate where the action takes place. Phase 1, promiscuous bidirectional transcription by RNA polymerase II in the Mic produces
mic-ncRNAs. mic-ncRNAs form double-stranded RNAs and are processed by the Dicer protein Dcl1p to create �29-nt scnRNAs. Phase 2, scnRNAs are exported
to the cytoplasm, where they are incorporated into the Argonaute protein Twi1p. Twi1p has an endoribonucleolytic (slicer) activity to cut and remove one of
the two strands (passenger strand) of scnRNAs. The single-stranded scnRNA-Twi1p complex is recognized by Giw1p and then imported into the parental Mac.
There, scnRNAs are 2�-O-methylated at their 3�-ends by Hen1p. Phase 3, the scnRNA-Twi1p complex interacts with the RNA helicase Ema1p and two Gly-Trp
(GW) repeat-containing proteins, Wag1p and CnjBp, facilitating the interaction between the scnRNA-Twi1p complex and the nascent pmac-ncRNAs. scnRNAs
are substracted from the pool by this interaction. As a result, the remaining scnRNA-Twi1p complexes are enriched for IESs. Phase 4, the scnRNA-Twi1p
complexes are transported to the new developing Mac, where they induce site-specific heterochromatin formation by the interaction of scnRNA and the
nascent nmac-ncRNA. This interaction recruits the histone methyltransferase Ezl1p, which catalyzes the methylation of H3K9me and H3K27me. The chro-
modomain proteins Pdd1p and Pdd3p bind to the methylated histones to form heterochromatic structures. Phase 5, DNA regions marked with heterochro-
matin are eliminated by the piggyBac transposase-like protein Tpb2p.
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Phase 2: Maturation of Argonaute-scnRNA Complex

The scnRNAs that are produced in theMic are subsequently
exported to the cytoplasm and loaded into the Argonaute pro-
tein Twi1p (Fig. 3, Phase 2) (32, 44). The mechanisms of the
cytoplasmic export and loading of scnRNAs are unknown.
BecauseDicer produces scnRNAs from long dsRNAs, scnRNAs
are double-stranded when they are loaded into Twi1p. Like
many conserved Argonaute proteins, Twi1p harbors intrinsic
endoribonucleolytic (“slicer”) activity to cleave one strand of
the scnRNA duplex, leading to removal of the “passenger”
strand from the complex (45).
In mid-conjugation stages, the Twi1p-scnRNA complexes

translocate from the cytoplasm to the parental Mac. In the
absence of Dcl1p, which is required for the production of scn-
RNAs, or in the absence ofTwi1p slicer activity, which occurs in
a TWI1 mutant strain, the Twi1p protein remains in the cyto-
plasm (45). Therefore, loading and passenger strand removal of
scnRNAs are essential for Mac localization of the Twi1p-scn-
RNAcomplexes, suggesting amechanism that selectively trans-
ports Twi1p complexed with single-stranded scnRNA. This
selective transport is supported by the Twi1p-binding protein
Giw1p. Giw1p is indispensable for the nuclear localization of
Twi1p and binds to Twi1p only when it is complexed with sin-
gle-stranded scnRNA (45). The Twi1p-scnRNA complex may
change its conformation via passenger strand removal, and
after this conformational change, the Twi1p-scnRNA complex
may be specifically recognized and transported to the Mac by
Giw1p. Similar conformational changes have been reported in a
bacterial Argonaute protein (46).
The RNA methyltransferase Hen1p mediates the 2�-O-

methylation of scnRNAs at their 3� termini (31). Loss of Hen1p
completely abolishes scnRNAmethylation, resulting in a grad-
ual reduction of the accumulation and length of scnRNAs and a
defect in DNA elimination. Therefore, Hen1p-mediated 2�-O-
methylation stabilizes scnRNAs and ensures DNA elimination
in Tetrahymena. Because Hen1p methylates only single-
stranded RNAs in vitro, scnRNAs can be 2�-O-methylated by
Hen1p only after the Twi1p-scnRNA complex releases the pas-
senger strand. Hen1p is localized to the parental Mac. There-
fore, the 2�-O-methylation of scnRNA may occur after the
Twi1p-siRNA complex is imported into the parental Mac (Fig.
3, Phase 2). In summary, the “maturation” of the Twi1p-scn-
RNA complex is achieved via four consecutive steps: 1) loading
of the scnRNA duplex into Twi1p, 2) endoribonucleolytic
cleavage and removal of the passenger strand of scnRNA, 3)
translocation of the Twi1p-scnRNA complex into theMac, and
4) 2�-O-methylation of scnRNA by Hen1p.

Phase 3: Selection of scnRNAs in Parental Mac

Although scnRNAs complementary to both MDSs andMic-
specific sequences (mostly IESs in Tetrahymena) are produced
in the early conjugation stage (Phase 1), the population of scn-
RNAs is gradually enriched in the second class during the mid-
conjugation stages (38, 44). This process is called scnRNA
selection. As described above, Twi1p-scnRNA complexes are
localized to the parental Mac during the mid-conjugation
stages (Phase 2). Because only scnRNAs that are complemen-

tary to MDSs are selectively down-regulated in this process,
some mechanism must specifically degrade scnRNAs comple-
mentary to the genomic DNA (or transcripts therefrom) in the
parental Mac in a genome-wide fashion.
The interaction between scnRNAs and long noncoding tran-

scripts in the parental Mac (parental Mac noncoding RNA
(pmac-ncRNA)) probably plays an important role in scnRNA
selection in Paramecium and Tetrahymena. In Tetrahymena,
the Twi1p-binding putative RNA helicase Ema1p is essential
for scnRNA selection. Ema1p is required for the interaction of
nascent transcripts and scnRNA-Twi1p complexes in the
parental Mac (38). In Paramecium, down-regulation of pmac-
ncRNA by RNAi induces DNA elimination at the correspond-
ing site (34), and in Tetrahymena, injected dsRNAs comple-
mentary toMDS regions result in aberrant DNA elimination of
these MDS from the new Mac (21). These results indicate that
changing the population of either scnRNAs or long noncoding
RNAs is deleterious for correct DNA elimination, and scnRNA
selection depends on base pairing between scnRNAs and nas-
cent pmac-ncRNA in the parental Mac (Fig. 3, Phase 3).
Themechanism that mediates scnRNA/pmac-ncRNA inter-

actions to regulate scnRNA selection is not well understood.
The interactionmay induce the degradation of scnRNAs.Alter-
natively, it has been proposed that pmac-ncRNAs serve as
molecular sponges that sequester scnRNAs by base pairing.
Because scnRNAs complementary to some MDSs are lost dur-
ing scnRNA selection inTetrahymena (38), degradation of scn-
RNAs is most likely the responsible mechanism in Tetrahy-
mena. It has been suggested that two Gly-Trp repeat-
containing proteins, Wag1p and CnjBp from Tetrahymena
(47), as well as Nowa1p and Nowa2p from Paramecium (48),
are involved in transnuclear cross-talk between the parental
Mac and the newMac. More unknown proteins may be impor-
tant during scnRNA selection, and the identification and char-
acterization of such proteins would enable us to understand the
process mechanistically.

Phase 4: scnRNA-induced Heterochromatin Formation in
New Mac

Immediately following the formation of the newMac, Twi1p
is transferred from the parental Mac into the new Mac, where
the Twi1p-scnRNA complex is required for the accumulation
of methylated histone H3 at Lys-9 (H3K9me) and Lys-27
(H3K27me) (Fig. 3, Phase 4). Similar to pmac-ncRNAs, the new
Mac expresses long noncoding RNAs (38). Here, we call these
transcripts new Mac noncoding RNAs (nmac-ncRNAs). The
Twi1p-associated RNA helicase Ema1p is required for the
interaction between Twi1p and nascent nmac-ncRNA and for
the accumulation of the histone modifications (38), indicating
that scnRNA/nmac-ncRNA interactions are involved in the
induction of H3K9me/H3K27me.
The Enhancer of zeste-like histone methyltransferase Ezl1p

is responsible for the accumulation of H3K9me and H3K27me
(49). Ezl1p is essential for DNA elimination. In addition, Tetra-
hymena strains expressing a histone H3mutant in which Lys-9
is replacedwith glutamine (H3K9Q) have a defect inDNAelim-
ination (50). In the H3K9Q mutant, H3K27me is still accumu-
lated, arguing that H3K27me is upstream of H3K9me (49).
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These data indicate that eitherH3K9me alone or bothH3K9me
and H3K27me are required for DNA elimination. Ezl1p may
display a dual specificity for both the H3K9 and H3K27 posi-
tions. Alternatively, Ezl1p may catalyze only H3K27me, and
this modification may be required for catalysis of H3K9me by
another methyltransferase.
Twi1p is required for the accumulation of H3K9me and

H3K27me, whereas Ezl1p is not required for the accumulation
of scnRNAs (49, 50). This finding indicates that Twi1p is
upstream of the Ezl1p-mediated H3K9me/H3K27me. Ezl1p
may be recruited to the chromatin sites, where Twi1p-scnRNA
complexes interact with nascent nmac-ncRNAs. Because scn-
RNAs complementary to Mic-limited sequences are enriched
in the parentalMac (Phase 3), the scnRNA/nmac-ncRNA inter-
action can specifically recruit Ezl1p to induce the histonemod-
ifications only on IESs. The molecular mechanism underlying
this recruitment is unknown because no direct interaction
between Twi1p and Ezl1p has been detected.
The chromodomain proteins Pdd1p and Pdd3p recognize

H3K9me andH3K27me (49, 51), and Pdd1p is necessary for the
formation of a tight heterochromatic structure and for DNA
elimination (52). Tethering Pdd1p to an ectopic chromatin site
is sufficient to trigger DNA elimination at the target site, indi-
cating that the chromatin localization of Pdd1p is sufficient to
recruit all downstream factors necessary for DNA elimination
(51). Therefore, the structure of heterochromatin, but not scn-
RNAs or H3K9me/H3K27me, may directly trigger DNA elim-
ination. Pdd1p and Pdd3p, together with H3K9me/H3K27me
and IESs, localize to perinuclear heterochromatic foci, where
the final DNA excision process is believed to take place (53, 54).
Other proteins that are necessary for DNA elimination, such as
Pdd2p and Lia1p, also localize to these heterochromatic struc-
tures (55–57), but their contribution in the process of DNA
elimination needs to be determined.

Phase 5: DNA Excision in New Mac

The piggyBac transposase-like proteins Pgm and Tpb2p in
Paramecium and Tetrahymena, respectively (58, 59), are indis-
pensable for DNA elimination (Fig. 3, Phase 5). Although they
are structurally similar to piggyBac transposases, the genes
encoding these proteins are in the Mac. No additional trans-
poson-related sequences exist in proximity to these genes.
Therefore, these transposases were most likely domesticated
during the evolution of these ciliates. Recombinant Tpb2p
shows endonucleolytic cleavage activity, producing DNA dou-
ble-strand breaks possessing 4-base 5�-protruding ends (59).
This structure has been observed at IES boundaries during
DNAelimination in vivo (60).How these piggyBac-like proteins
are directed to cleavage sites has not been identified. Interest-
ingly, no consensus sequence at IES boundaries has been found
in Tetrahymena, but Paramecium IESs have loosely conserved
8-bp consensus sequences (5�-TAYAGYNR-3�) at their bound-
aries (reviewed in Ref. 3). Studies on cis-acting elements either
in flankingMac-retainedDNAor inside IESs have revealed that
they help determine the excision boundaries and the efficiency
of DNA elimination (61–65). These cis-elements may regulate
the recruitment of the piggyBac-like proteins. Alternatively,
these proteins may directly recognize some heterochromatin

component. Further biochemical studies of the piggyBac-like
proteins, including their DNA- and chromatin-binding proper-
ties and the sequence specificity of the endonucleolytic DNA
cleavage reaction, will help us understand how the boundaries
of IESs are determined.
In the spirotrichOxytricha, TBE (telomere-bearing element)

family transposases are necessary for DNA elimination (66).
Interestingly, these transposases are evolutionarily unrelated to
the piggyBac transposases and are encoded in TBE transposons
inMic-limited sequences. Therefore, different classes of ciliates
may have independently acquired abilities to utilize trans-
poson-derived enzymes for DNA elimination. This hypothesis
suggests that the mechanisms of DNA elimination of oligohy-
menophorean and spirotrichous ciliates are evolutionarily
unrelated.
Ultimately, the lesions produced by the DNA excision must

be repaired. In Paramecium, two core components of the non-
homologous end-joining pathway, Lig4p (DNA ligase IV) and
Xrcc4p, are required for the repair of IES excision sites (67).
Whether a similar non-homologous end-joining pathway is
involved in healingDNAdouble-strand breaks afterDNAelim-
ination in other ciliates remains undetermined.

Why Do Ciliates Perform DNA Elimination?

As described above, an RNAi-related mechanism is required
for the formation of the heterochromatin state that precedes
DNA elimination in Tetrahymena. Because the RNAi machin-
ery is also required for heterochromatin formation and subse-
quent transcriptional gene silencing in other eukaryotes, the
molecular mechanism regulating IES elimination in Tetrahy-
mena (and potentially in Paramecium) is probably evolution-
arily related to RNAi-directed heterochromatin formation. In a
wide variety of eukaryotes, transposons are silenced by RNAi-
related mechanisms. For example, piRNAs mediate both tran-
scriptional and post-transcriptional silencing of transposons in
animals (reviewed in Ref. 1). siRNAs induce RNA-directed
DNA methylation, which represses transcription from trans-
posons in plants (reviewed in Ref. 2). Because many sequences
that are removed by DNA elimination in ciliates are related to
transposable elements, it has been suggested that one of the
roles of DNA elimination is to remove transposons from the
transcriptionally active Mac (8, 21). Therefore, DNA elimina-
tion probably evolved as an RNAi-directed and heterochroma-
tin-mediated transposon-silencing pathway. Nuclear dimor-
phism and the epigenetic regulation of DNA elimination by
transnuclear scnRNAs allow ciliates to recognize transposons
in their germ line evenwithout any previous experience of their
invasion.
On the other hand, transposons may have benefitted from

DNA elimination as well. The main “goal” of transposons is to
maximize their copy number. At the same time, transposons
should colonize hosts without killing them because they rely on
the host environment as their home. Therefore, there must be
some limit to transposon activity, and they cannot occupy
genome regions that are essential for the viability of the host.
Because transposons are kept in the transcriptionally inactive
Mic and removed from the active Mac in ciliates, transposons
might be able to multiply without disturbing any cellular activ-
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ities in the nuclear dimorphism system. We speculate that the
programmedDNA elimination system in ciliates is a strategy of
transposons to increase their copy number in an unlimited
manner in the host germ line. Ciliated protozoans may be
“hijacked” as vehicles of transposons, and the programmed
DNA elimination may be used as a colonization strategy by
these molecular parasites.

Conclusions

DNA elimination in the oligohymenophorean ciliates Tetra-
hymena andParamecium is regulated by scnRNAs that are pro-
duced by an RNAi-related mechanism. We hypothesize that
the scnRNA-mediated comparison of the complete Mic and
Mac genomes may act to identify the DNA sequences to be
eliminated. The detailedmolecularmechanisms regulating bio-
genesis and selection of scnRNAs, scnRNA-induced hetero-
chromatin formation, and heterochromatin-mediated DNA
excision are still emerging. We hope that established genetic
and genomic tools in thesemodel ciliates, such as gene deletion,
RNAi techniques, and fully sequenced genomes, will help solve
these questions in the near future.
DNA elimination of oligohymenophorean ciliates is poten-

tially a small RNA-directed transposon-silencing mechanism.
Based on previous studies, all of the genes required for DNA
elimination are also required to produce viable sexual progeny
in Tetrahymena and Paramecium. Thus, removal of trans-
posons from the transcriptionally active Mac by DNA elimina-
tion may be necessary for the survival of both host ciliates and
transposons. DNA elimination and nuclear dimorphism may
have evolved as a result of an evolutionary race between trans-
posons and host cells. Ciliates consist of a large group of
eukaryotes and include many morphologically and physiologi-
cally divergent species. Investigating the DNA elimination pro-
cesses of different classes of ciliates may illuminate how host/
transposon conflicts shape complex biological pathways.
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Pyroglutamate-modified amyloid-� (A�pE3) peptides are
gaining considerable attention as potential key participants in
the pathology ofAlzheimer disease (AD) due to their abundance
in AD brain, high aggregation propensity, stability, and cellular
toxicity. Transgenic mice that produce high levels of A�pE3–42
show severe neuron loss. Recent in vitro and in vivo experiments
have proven that the enzyme glutaminyl cyclase catalyzes the
formation of A�pE3. In this minireview, we summarize the cur-
rent knowledge on A�pE3, discussing its discovery, biochemical
properties, molecular events determining formation, preva-
lence in the brains of AD patients, Alzheimer mouse models,
and potential as a target for therapy and as a diagnostic marker.

When Alois Alzheimer presented the case of his patient
Auguste Deter at the Tübingen meeting of the Southwest Ger-
man Psychiatrists in 1906, he did not attract much attention or
stimulate any discussion in the audience. The young doctor
likely would not have believed that, 100 years later, the disease
that now holds his name would be the most common cause of
dementia and a source of a critical medical and economical
problem. At this meeting, Alzheimer presented Auguste
Deter’s symptoms and reported the histopathological features
that are now associated with Alzheimer disease (AD)2: neuron
loss, extracellular amyloid plaques, and intracellular neurofi-
brillary tangles. For more than 2 decades, the amyloid hypoth-
esis has been the cardinal hypothesis in describing the sequence
of AD etiology. The amyloid hypothesis considers amyloid-�
(A�) deposition to be the causative event of AD pathology and
that neurofibrillary tangles, cell loss, vascular damage, and
dementia occur as a consequence of it (1). However, it has been
recently suggested that the extracellular formation of A�
plaques and other AD pathological events are preceded by
intraneuronal A� accumulation, giving rise to a modified amy-
loid hypothesis (2).
The story of successful discoveries in modern AD research

using novel molecular biological tools started with the bio-
chemical analysis of �-amyloid-containing blood vessels (con-

gophilic amyloid angiopathy) (3) and amyloid plaques consis-
ting of A� (4), which led to the isolation and sequencing of the
gene encoding the larger amyloid precursor protein (APP) (5,
6).
In vitro and in vivo analyses of amyloid deposits in AD

revealed various N- and C-terminal variants (4, 7, 8). Increased
C-terminal length of A� (from A�x–40 to A�x–42) in AD
enhanced aggregation and early deposition and promoted the
toxicity of A� (9–11). Recently, A�1–43 has been discussed as a
novel toxic peptide in AD (12).
Beside A� peptides, starting with aspartate as the first amino

acid (A�1–x), several N-terminally truncated and modified A�
species have been described (4, 13–15). Among A� species
present in AD plaques, Lewis et al. (16) reported that A�4–42 is
a relatively abundant species in AD, aged control, and vascular
dementia patients. Using immunoprecipitation in combination
with mass spectrometry, Portelius et al. (17) showed that
A�1–40, A�1–42, A�pE3–42, and A�4–42 are the dominant frac-
tions in AD hippocampus and cortex. Interestingly, it has been
demonstrated that N-terminal deletions enhance A� aggrega-
tion by comparing A�x–42 with A�1–42 (9).
In addition, biochemical studies showed that A� peptides

isolated from AD brains were post-translationally modified by
isomerization and racemization (18, 19). A� isomerized at the
seventh amino acid was suggested to compose a major fraction
of A� in neuritic plaques (20). Both modifications have been
shown to accelerate peptide aggregation and fibril formation
(18, 21, 22). Other modifications include metal-induced oxida-
tion (23) or phosphorylation (24, 25). In general, N-terminal
modifications significantly influence the Cu2� coordination of
A�, whichmay be critical for alterations in aggregation propen-
sity, redox activity, and resistance to degradation (26). In addi-
tion, it has been shown that certain apolipoprotein E isoforms
bind toA�1–42 andwith less avidity tomodified species, includ-
ing isomerized and pyroglutamate-modified A� (A�pE3) (27).
The controversy among different studies regarding the pre-
dominant species and their contribution to the pathology ofAD
might reflect differences in the brain regions analyzed, imbal-
ances in age and disease stages of the recruited cases, different
protocols utilized, and the characteristics of the peptides under
investigation.

Discovery of Pyroglutamate A�

To unravel the pathogenic properties of A�, it was important
to develop approaches to extract and study the biochemical
nature of A�. Limited extraction and sequencing methods ren-
dered it impossible for a long time. Attempts to extract and
study the composition of A� plaques from brains of AD
patients started in the 1970s (28, 29). However, discrepancies
existed between different reports describing the amino acid
sequence of A� due to different purification and analytical pro-
cedures. The first successful protocol to purify and study the
sequence of amino acids of A� was developed by Glenner and
Wong (30). Using collagenase treatment, they characterizedA�
from cerebrovascular amyloid in AD andDown syndrome (DS)
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patients. They reported the sequence of the first 24 amino acids
in A�, showing similarity between AD and DS patients. In a
protocol that involved overnight digestionwith pepsin,Masters
et al. (4) reported the presence of ragged N termini of A�
extracted from the plaque cores of AD and DS patients.
According to them, 64% of the total A� peptides started with
phenylalanine at position 4. Soon after that, Selkoe et al. (31)
reported that they were not able to obtain N-terminal
sequences from plaques using purification with SDS-contain-
ing buffer without protease treatment. Thus, they suggested
that the N terminus of A� might be blocked (31). In line with
this, other teams did not succeed in obtaining interpretable
N-terminal sequences from plaque cores isolated by other
methods (32). Finally, this discrepancy was solved byMori et al.
(33), who described the presence of A� peptides (15–20% of the
total A�) bearing a pyroglutamate residue at theN terminus. By
using pyroglutamate aminopeptidase, theywere able to unravel
the amino acid N terminus, which is blocked by the lactam ring
and thus resistant to any other peptidase for Edman sequencing
used in previous reports (33).
Since then, the interest in dissecting the temporal and spatial

deposition of pyroglutamate A� has increased. Many tech-
niques and protocols were developed to increase the sensitivity
to different forms of A�, especially the A�pE peptides (34, 35).
Equippedwith a set of novel antibodies, Saido et al. (15) showed
by immunohistochemical and biochemical means that A�pE3 is
present in equivalent or larger amounts than full-length A� in
senile plaques. On the basis of analysis of brain tissue from DS
cases, the authors also suggested that A�pE3–x precedes the
deposition of unmodified A� (A�1–x). However, a study on the

sequential deposition of heterogeneous forms of A� in the
brains of DS patients could not detect A�pE3 in young patients.
Nevertheless, in agreement with the results of Saido et al.,
A�pE3 always exceeded the deposition of A�1 (36). This was
further confirmed by another study on water-soluble A� dem-
onstrating the presence of A�pE3–42 in AD and DS patients as a
dominant fraction (37). In line with the previous findings, test-
ing extracts from AD and DS frontal cortex using ELISA
revealed that levels of A�pE3 and isomerized A� species ending
at amino acid 42were higher than those ending at amino acid 40
(38, 39). This was further confirmed by the finding that
A�pE3–42 constituted 25% of the total A�x–42 in plaques of AD
brains (39). It was reported that unmodifiedA�1–40 andA�1–42
can be modified into A�pE3 after being injected into rat brain,
indicating that rat brains harbor the enzymes required for
N-terminal truncation and pyroglutamate formation (40).

N-terminal Truncation Is a Prerequisite of Pyroglutamate
A�

Formation of pyroglutamate-modified A� is a multistep
process requiring the removal of the first two amino acids,
aspartate and alanine, to expose the N-terminal glutamate at
the third position of A� (Fig. 1). After cleavage of APP by the
major �-site APP-cleaving enzyme (BACE1) and �-secretase,
A�1–40/42 is liberated. Data from our group suggest that the
levels of A�pE3–x are inversely linked to the levels of A�1–x in
plaques in APP/PS1KI transgenic mice (41). In line with this
observation, Sevalle et al. (42) suggested that aminopeptidase A
can trigger the initial first amino acid (aspartate) cleavage of
A�. Interestingly, more than 15 years ago, Saido et al. (15) sug-

FIGURE 1. Generation of pyroglutamate A�. The first N-terminal two amino acids, aspartate and alanine, are cleaved off by an unknown mechanism, exposing
glutamate at position 3 of the N terminus of A�. Subsequently, glutamate is post-translationally modified to N-terminal pyroglutamate (pE) by dehydration
catalyzed by QC activity. The novel peptide has altered biochemical properties with severe pathological consequences. The enhanced toxicity is likely due to
the higher aggregation propensity and the longer bioavailability of the A�pE3 oligomers.
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gested the presence of hypothetical peptidases cleaving the first
two amino acids. On the other hand, A�11–x starting with a
glutamate residue is known to be generated by alternative
BACE1 cleavage of APP in the trans-Golgi network (43) and is
the precursor for A�pE11–x. After exposure of the free gluta-
mate the enzyme glutaminyl cyclase (QC) catalyzes pyrogluta-
mate formation by dehydration of glutamate (44).

Biochemical Properties of Pyroglutamate A�

The conversion of A� into A�pE3 leads to altered biophysical
and biochemical characteristics pointing to changes in aggre-
gation and stability. Saido et al. (45) suggested that A�pE3 and
other modified A� species accumulate because of their limited
degradation. The formation of the lactam ring and the loss of
two negative charges and one positive charge result in higher
hydrophobicity and thus more stability and aggregation pro-
pensity of the A�pE3–x peptides (45). In addition, the formation
of theN-terminal pyroglutamate, which is resistant to degrada-
tion by peptidases, increases the stability of the peptide. He and
Barrow (46) reported that A�pE3–x peptides show enhanced
�-sheet formation and aggregation propensity in aqueous and
hydrophobic media compared with full-length A�. They sug-
gested that the loss of three charged groups facilitates and sta-
bilizes �-sheet formation by reducing the level of unfavorable
charge repulsion between strands (46). Using a mixture of A�
species includingA�pE3–x levelsmimicking the amount present
in AD patients, abundant globular structures and higher aggre-
gation rates were observed. In contrast, the aggregation pro-
pensity using themixture present in non-demented individuals
was significantly lower (47). Interestingly, A�pE3–x displayed up
to 250-fold accelerated formation of aggregates compared with
A�1–x irrespective of the C terminus of A� (48).

Russo et al. (49) claimed that A�pE3–40 is more toxic for neu-
rons and astrocytes compared with full-length A�1–40. Simi-
larly, Piccini et al. (47) showed that an A� mixture similar to
those found in brains of AD patients increased cell membrane
permeability, leading to reduced survival of neuroblastoma
cells.
It is worth mentioning that in contrast to what has been

described above, some studies have indicated that the second-
ary structure and toxicity of A�pE3–40/42 peptides are similar to
those of A�1–40/42 peptides (50, 51). In agreement, Youssef et
al. (52) showed that A�1–42 and A�pE3–42 exhibited similar
effects on neuronal cytotoxicity in primary cortical neurons
and on memory impairment after intracerebroventricular
injection in wild-type mice.

Pyroglutamate A� in Transgenic Alzheimer Mouse
Models

The development of transgenicmousemodels had a remark-
able influence on our understanding of the pathological altera-
tions underlying AD. The predominance of the A�pE3 peptide
in AD and DS patients and its characteristics raised the ques-
tion of different A� isoforms in AD mouse models.

In the commonly used Tg2576 mouse model, truncated and
modified A� appears at 16 months of age and comprises only
5% of the total A� peptides even at an old age of 23months (53).
The scarcity ofmodifiedA�was suggested as one of the reasons

for the lack of neurofibrillary pathology and neuronal loss in
Tg2576 brain. A�pE3 and othermodified forms ofA� are absent
in another mouse model, APP23, until 22 months of age. The
difference in the composition of A� pools between AD and the
APP23 mouse model might account for the different plaque
morphology and the high solubility of A� peptides in APP23
mice (54). The discrepancy in theA� isoforms betweenAD and
mouse models might be due to the short life span of the mice
compared with the decades available for A� post-translational
modification in AD.
Interestingly, there are other AD mouse models available

that produce high levels of A�pE3. They develop early neurolog-
ical deficits and more severe pathology. Most of these models
harbor more than one mutation to trigger AD pathology. The
APP/PS1KI mouse model is a double transgenic model with
four mutations in APP and presenilin-1 (PS1) (55). It develops
age-dependent plaque deposition and intracellular A� accu-
mulation including A�pE3 as early as 2 month of age (56). The
area covered with A�pE3-positive plaques increases from �1%
at 2 months of age to �2% at 6 months until it covers �4.5% of
the cortex at 10 months of age (41). APP/PS1KI mice exhibit
robust learning deficits at 6 months (57), as well as an age-de-
pendent axonopathy (58). In addition, significant neuron loss in
the CA1 layer of the hippocampus at 6 months coincides with
synaptic deficits, hippocampus atrophy, and amassive increase
in intraneuronal and extracellular aggregation of A�pE3. How-
ever, neuron loss seen in the CA1 region correlates with intra-
neuronal rather than extracellular A� (59).

The 5XFADmousemodel is another double transgenicAPP/
PS1 mouse line coexpressing five familial AD mutations that
are inherited together, leading to accelerated plaque formation
and increasedA�x–42 levels (60). It recapitulates a variety ofAD
hallmarks that appear at an early age, including working mem-
ory impairment, altered anxiety corresponding to disinhibitory
tendencies seen in AD patients, and motor impairments. In
addition, it shows extensive extracellular plaque formation and
selective neuron loss in the fifth cortical layer that correlates
with intraneuronal A� accumulation in this layer (61).
Despite the value of theAPP/PS1KI and 5XFADmousemod-

els in providing A� heterogeneity, which is similar to that seen
in AD, this heterogeneity makes it also difficult to distinguish
the individual toxic peptides from those that might only copre-
cipitate and could be potentially less harmful. Therefore, it was
necessary to generate a mouse model that exclusively develops
N-terminally truncated A�. The TBA2mouse model expresses
A�Q3–42 starting with an N-terminal glutamine (Q) residue at
position 3 of A�, which facilitates the conversion to A�pE3.
Glutamine was used instead of the naturally occurring gluta-
mate because it represents a better substrate for pyroglutamate
conversion (either spontaneously or enzymatically catalyzed).
However, the degree of conversion was not determined. There-
fore, unmodified N-terminally truncated A� could also con-
tribute to the observed pathology. The mice exhibited abun-
dant intraneuronal A�pE3 predominantly in the hippocampus
and Purkinje cells of the cerebellum, which was associated with
loss of Purkinje cells, cerebellar atrophy, striking neurological
impairment, and growth retardation. TBA2 mice revealed a
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�50-fold increased A�pE3/A�x–42 ratio compared with
6-month-old APP/PS1KI mice (62).

Soluble Oligomeric Pyroglutamate A�: The Missing Link
in A� Toxicity?

For more than 2 decades, the amyloid hypothesis has been
the central hypothesis in coining the molecular pathology of
AD (63). This hypothesis argued that amyloid fibrils, which are
large insoluble polymers of A� found in senile plaques, are the
trigger of neuron loss and dementia typical for AD. Albeit the
convincing genetic, biochemical, and cell biological data for a
major role ofA� inAD, growing evidence points toward soluble
A� oligomers.
One of the major flaws in the amyloid hypothesis is the weak

correlation between the severity of dementia and the density
and localization of amyloid plaques in the brains ofADpatients.
Memory impairment and pathological changes in many AD
mouse models occur before the first signs of plaque deposition
(64). Soluble oligomers are low molecular weight non-fibrillar
structures, which are stable in aqueous solution and remain
soluble even after high speed centrifugation (64). A� oligomers
preferentially develop intracellularly within neuronal processes
and synapses rather thanwithin the extracellular space (65, 66).
Results from several laboratories suggest these oligomers to be
the missing link in the amyloid hypothesis. Although A�
plaques are poor correlates for the clinical symptomatology in
AD andDS patients, soluble oligomers are suggested to be good
predictors for synaptic loss (67), neurofibrillary tangles (68),
and clinical phenotype (69, 70). Just as in the human brain,
studies using AD mouse models support the role of oligomers.
In the Tg2576mousemodel, the appearance of A� dodecamers
coincided with the onset of spatial memory impairment. Inter-
estingly, injection of these purified oligomers into the ventricles
of wild-type rats caused a dramatic drop in spatial memory
performance (71).With regard to short-term effects, oligomers
have been shown to impair synaptic plasticity by blocking long-
term potentiation and reinforcing long-term depression (72).
Tomiyama et al. (73) generated APP transgenic mice express-
ing the E693� mutation, which causes neuronal cell death and
cognitive impairment by enhanced intracellular A� oligomeri-
zation without plaque formation.
With the abovementioned considerations, oligomers are

thought to be a good target for therapeutic antibodies especially
since this pool represents a minor subset (�1.4% of the total
A�) compared with the plaque pool, which occupies the whole
parenchyma (68). Reports have shown that monoclonal anti-
bodies raised against oligomers prevent oligomer-induced tox-
icity, production of reactive oxygen species, and their attach-
ment to synapses in primary hippocampal cells (74). In
addition, Klyubin et al. (75) have shown that immunization
against A� oligomers neutralized long-term potentiation inhi-
bition induced by A� oligomers injected in rat hippocampus.

Analysis of water-soluble A� in AD, DS, and non-demented
elderly brain specimens indicated the presence of A�1–42,
A�pE3–42, and A�pE11–42. In DS, water-soluble A� appeared
early (�20 years before the appearance of the plaques) and
increased with age and the progression of the amyloid pathol-
ogy. Interestingly, water-soluble A� increased by 100-fold in

young cases accompanied by an increase in A�pE3–42 (76).
Russo et al. (77) showed that cases with a PS1 mutation devel-
oped a higher ratio of water-soluble A�pE3–42 andA�pE11–42 to
full-length A�1–42 in comparison with sporadic AD cases. In
linewith this observation, water-soluble A� frombrains of nor-
mal elderly individuals with abundant amyloid and neurofibril-
lary pathology demonstrated a decreased A�pE3–42/A�1–42
ratio compared with AD cases (76). Overall, the ratio of water-
soluble A�pE3–42 to A�1–42 seems to be proportional to the
clinical phenotype and the severity of the disease.

Passive Immunization against Low Molecular Weight
Pyroglutamate A� Oligomers

A recently generated novel monoclonal antibody (9D5) was
used to demonstrate that it is possible to detect low molecular
weight pyroglutamate-modified A� oligomers (51). The selec-
tivity of the antibody for low molecular weight (4–10-mers)
pyroglutamate-modified A� was confirmed by size exclusion
chromatography and immunoblot assays. When the 9D5 anti-
bodywas added toA�pE3–42monomers, it efficiently decreased
the formation of higher aggregates of the A�pE3–42 peptide but
did not interferewith the rapid formation ofA�1–42 aggregates.
Furthermore, adding the 9D5 antibody to SY5Y neuroblastoma
cells completely abolished the toxic effects of A�pE3–42 pep-
tides, whereas the toxicity of A�1–42 was unaltered. Interest-
ingly, the 9D5 antibody showed a specific staining pattern in
AD cases, differentiating between non-demented control cases
and AD. Passive immunization of 4.5-month-old 5XFAD mice
with the 9D5 antibody for 6 weeks was capable of reducing
overall A� plaque load and A�pE3–x levels, leading to a normal-
ization of the behavioral phenotype. Based on that, 9D5 repre-
sents a therapeutically and diagnostically effective monoclonal
antibody targeting lowmolecular weight A�pE3 oligomers (51).

Several mechanisms were proposed as potential modes of
action for the clearance of A� via immunotherapy. The first
mechanism is that antibodies act catalytically to dissolve pre-
formed A� aggregates or prevent A� aggregation (78). A sec-
ond proposedmechanism relies on binding of the antibodies to
A�, followed by interaction of the Fc part of the antibody with
the Fc receptor on the microglial surface, leading to increased
A� phagocytosis (79). These mechanisms assume that suffi-
cient antibodies cross the blood-brain barrier and bind to the
amyloid. Another option does not require the penetration of
the blood-brain barrier. The peripheral sink hypothesis was
demonstrated for the first time with the A� antibodym266 and
suggests that the presence of circulating antibodies in plasma
alters the equilibrium and favors the efflux of A� toward the
periphery due to an A� concentration gradient (80). It was
demonstrated that the central domain A� monoclonal anti-
body m266 can act as an A� sink both in vitro and in vivo and
that parenteral administration of it can alter the equilibrium of
A� between the central and peripheral compartments. Another
mechanism proposes the ability of certain antibodies to bind to
oligomers and neutralize their synaptotoxic effects directly
(75). It is worth mentioning, however, that these mechanisms
are not exclusive and may overlap under different circum-
stances. Moreover, different states of the disease might require
one mechanism more than the other (81).
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Based on that, antibodies that are exclusively selective for
oligomeric A� are promising tools for therapeutic intervention
in AD for many reasons. As mentioned above, A� oligomers
represent �2% of the total A� pool in the brain, which makes
them an achievable therapeutic target especially assuming that
only a minor amount of the antibodies can cross the blood-
brain barrier (0.11%of the circulating antibodies enter the brain
(82)). Thus, targeting oligomeric A� can tremendously reduce
the amount of antibodies needed to achieve the desired effect in
comparison with fibrillar (plaque) A�, representing the pre-
dominant species in ADbrain. Also, antibodies against A� olig-
omers bind the pernicious toxic species and decrease the build-
ing units for fibrils, thereby hindering plaque formation.On the
other hand, immunization against fibrillar forms may dissolve
the plaques into soluble A� forms and thus increase the poten-
tially toxic species in the brain. Furthermore, immunization
against the oligomeric A� minute species might spare patients
from the drawbacks of some clinical trials such as microbleeds
and hemorrhages that might result from an excessive immune
reaction against A� plaques (83).

Pyroglutamate A� Cyclization Is Catalyzed by
Glutaminyl Cyclase

QC belongs to the metal-dependent acyltransferase family,
converting glutamine (or alternatively glutamate) into pyroglu-
tamate with the liberation of ammonia (or water) (84). In vitro
and in vivo experiments indicated the presence of QC in the
secretory pathway (endoplasmic reticulum, Golgi apparatus,
and secretory granules) (85–87).

A recent study has shown that complete genetic depletion of
QC in mice resulted in a 24% decrease in thyroxine, suggesting
mild hypothyroidism. However, QC knock-out (KO) mice
showed similar blood glucose and glucose tolerance levels com-
pared with wild-type mice. Other parameters related to QC
activity, such as serum gonadotropin-releasing hormone, thy-
roid-stimulating hormone, and testosterone concentrations,
were not changed by QC depletion (88).
Compelling evidence demonstrates the role ofQC in the gen-

eration of A�pE. Incubation of synthetic A�3–x with recombi-
nant QC resulted in conversion to A�pE3–x, a reaction that is
favored under acidic pH conditions and blocked by the pres-
ence of a QC inhibitor (44). Furthermore, in two different cell
lines, QC stimulatedA�pE3 generation (89, 90). Application of a
QC inhibitor suppressed the cyclization reaction to A�pE3.
Interestingly, addition of recombinant QC to culture media
generated only minor amounts of A�pE3. This finding indicates
that pyroglutamateA� formation is favoredwithin intracellular
compartments (89).
In agreement with in vitro studies, several in vivo reports

have supported the role of QC in the production of A�pE3.
Injection of A�3–40 into wild-type rat cortex led to significant
production of A�pE3–40 within 24 h, which was inhibited by
co-application of a QC inhibitor (91). Oral administration of a
QC inhibitor to Tg2576 andTASD-41 transgenicmice reduced
A�pE3, A�40, and A�42 levels. This was accompanied by a
reduction in plaque load and gliosis in addition to improve-
ments in contextual fear memory and spatial memory. Simi-

FIGURE 2. Schematic of the hypothesized toxic cascade of pyroglutamate A� in AD and potential therapeutic interventions. After N-terminal truncation
of the first two amino acid residues of the full-length A�1– 40/42 monomers (A�1–x), QC activity catalyzes the formation of A�pE3–x monomers either intracellu-
larly or extracellularly. The A�pE3–x monomers are highly prone to rapid oligomerization and fibrillization. Oligomers may act as seeds for full-length A�
precipitating in plaques and blood vessels. As A�pE3–x oligomers are detected in microglia and human blood (51), it is likely that the oligomers are cleared by
these routes. Therapeutic effects were achieved by reducing QC activity, thereby inhibiting the cyclization of A�3–x, and by passive immunization with the 9D5
antibody against low molecular weight A�pE3–x oligomers.

MINIREVIEW: Pyroglutamate A� in Alzheimer Disease

NOVEMBER 11, 2011 • VOLUME 286 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 38829



larly, treatment of transgenic Drosophila expressing A�Q3–42
for 4 weeks with a QC inhibitor led to reduced A�pE3–42 levels
(92).
The use of transgenic or knock-out mice strongly facilitates

analysis of the role of gene function in vivo. To study the effect
of ectopic human QC (hQC) overexpression, 5XFAD mice
were crossed with transgenic mice expressing hQC under the
control of the neuron-specific Thy1 promoter. 5XFAD/hQC
bigenic mice showed significantly increased levels of TBS-,
SDS-, and formic acid-soluble A�pE3–42 peptides and aggrega-
tion in plaques. 6-month-old 5XFAD/hQCmice developed sig-
nificant motor and working memory impairment. The effect of
endogenous QC was studied by generating 5XFAD/QC-KO
mice (homozygous for murine QC knock-out). 5XFAD/
QC-KOmice showed a significant reduction inA�pE3–42 levels,
decreased plaque pathology, and a rescue of the behavioral phe-
notype (93). These data clearly demonstrate that QC is a key
participant in modulating A�pE3–x levels in vivo and support
the concept that QC is a therapeutic target for AD. Interest-
ingly, A�pE3–42 levels were not completely reduced in homozy-
gous QC-KOmice, thereby shedding light on QC isoenzyme(s)
that might also play a role in A�pE3–x formation. Fig. 2 summa-
rizes the potential therapeutic actions to inhibit and/or clear
A�pE3–x oligomers from AD brain.

Pyroglutamate as a Potential Diagnostic Marker

The diagnosis of AD relies on neuropsychological tests, neu-
roimaging, and cerebrospinal fluid biomarkers. Nonetheless,
the exact diagnosis is not definite unless the autopsied brain is
examined and neuropathologically evaluated. Pittsburgh com-
pound-B (PIB) is a modified form of thioflavin T that crosses
the blood-brain barrier and binds to amyloid in nanomolar con-
centrations. Maeda et al. (94) demonstrated that the [11C]PIB
signal correlated with the localization and abundance of
A�pE3–x-positive plaques. An in vitro binding assay revealed
that specific binding of [11C]PIB toA�pE3–x fibrils was 4–5-fold
higher than to A�1–x.
Britschgi et al. (95) observed that many AD and healthy con-

trol plasma samples showed high levels of IgG autoantibodies
against A�pE3–42 and A�pE11–42. In addition, the titer of IgM
autoantibodies against A�pE3 correlated with the cognitive sta-
tus of individuals at risk to developAD (96). In good agreement,
the level of A�pE3 oligomers was significantly decreased in the
plasma of AD patients (51). However, it is noteworthy that
these studies are pilot studieswith small group sizes andneed to
be further replicated and confirmed using larger cohorts of
patients and controls.
In summary, compelling evidence of a significant contribu-

tionA�pE3 has been accumulated since its discovery in 1992. Its
specific biochemical properties and the molecular events con-
trolling the formation of A�pE3 provide a better understanding
of the pathology leading to AD, and it has the potential as a
target for therapy as well as a marker for diagnosis. Although
A�1–42 is a toxic peptide, a normal physiological function can-
not be excluded. Current knowledge indicates that A�pE3 is a
solely pathological cousin of full-length A� acting as a “hatchet
man” in AD.
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Steroid hormone receptors (SHRs) and nuclear receptors
(NRs) in general are flexible, allosterically regulated transcrip-
tion factors. The classic model is inadequate to explain all their
behavior. Keys to function are their regions of intrinsic disorder
(ID). Data show the dynamic structure and allosteric interac-
tions of the three classic SHR domains: ligand-binding (LBD),
DNA-binding (DBD), and N-terminal (NTD). Each responds to
its ligands by stabilizing its structure. The LBD responds to clas-
sic steroidal and nonsteroidal small ligands; both may selec-
tively modify SHR activity. The DBD responds differentially to
the DNA sequences of its response elements. The NTD, with its
high ID content and AF1, interacts allosterically with the LBD
and DBD. Each domain binds heterologous proteins, potential
allosteric ligands. An ensemble framework improves the classic
model, shows how ID regions poise the SHR/NR family for opti-
mal allosteric response, and provides a basis for quantitative
evaluation of SHR/NR actions.

The classic model for nuclear receptors (NRs)2 and the sub-
family of steroid hormone receptors (SHRs) has difficulty
explaining important aspects of SHR/NR function. The classic
model divides SHRs into three domains, ligand-binding (LBD),
DNA-binding (DBD), and N-terminal (NTD), and has served
well (Fig. 1), but some of its premises are limiting its usefulness.
Phenomena for which the classic model is inadequate include
tissue- and cell-specific responses to individual ligands, differ-
ing transcriptional responses imparted by DNA sequences of
response elements (REs), selective effects of isoform-specific
activation function 1 (AF1) regions in the NTD, the widely dif-
fering size and sequence of NTDs, and the lack of stable tertiary

structure in NTDs. Theory and data suggest that such limita-
tions stem from two conceptual weaknesses in the classic mod-
el: 1) the presumption that the major NR domains consist of
structurally stable peptides and 2) the failure of the model to
account for the essential allosteric nature of SHRs/NRs.Herein,
we discuss each of the classic domains, citing examples that
indicate their structurally dynamic nature. We then show how
the intrinsic disorder (ID) found in regions of SHRs/NRs can
optimize allosteric responses.

Dynamic Nature of the LBD

In the classic model, the LBD is a stable, globular, 12-helix
protein (11 in SHRs) with a hinged final helix. LBD function is
defined by its activation function 2 (AF2) subdomain, a surface
controlled by the ligand-driven positioning of the final helix.
This surface consequently displays differential binding to pro-
tein cofactors (CoFs). These interact with SHRs/NRs to collab-
orate in modulating transcription. Hundreds of such CoFs
(Nuclear Receptor Signaling Atlas (NURSA)) (1–3), which
serve as chromatin modifiers, form transient complex protein
clusters with the primary transcription complex (4). The varied
properties of CoFs result in activation or repression of tran-
scription of the relevant gene. Probablymore CoFs, particularly
those that are specific to particular cell types or tissues, are yet
to be found. Success in solving the crystal structures of many
DBDs and LBDs as independent proteins has shown their crys-
tallized forms to be globular (www.ncbi.nlm.nih.gov/sites/en-
trez), but in fact, without ligand, the LBD is rather disordered; it
is the binding of ligand that gives it structure (5–8). SHR LBDs
interact with steroid hormones, and more generally, most NR
LBDs interact with a variety of natural andman-made steroidal
and nonsteroidal molecules. The astounding fact that structur-
ally similar ligands, acting on a single receptor isoform, provoke
differing tissue- and cell type-specific biological effects to reg-
ulate overlapping but also unique sets of genes (9–13) chal-
lenges the classic receptor model. Particularly compelling are
the effects of tamoxifen, developed as a competitive LBD-bind-
ing antagonist to hormonal estrogens. In breast cancer cells,
tamoxifen behaves as expected, but it acts as an agonist in bone
and uterus, an outcome not easy to explain by simple applica-
tion of the classic model (14, 15). If, as antagonist, tamoxifen
works by repositioning the 12th helix so as to allowAF2 to bind
CoFs with co-repressor functions, how can the same ligand act
as an agonist in certain tissues, where the same estrogen recep-
tor (ER) AF2 surface presumablymust bindCoFswith activator
function? Such “mixed function” or “selective response-modi-
fying” LBD ligands have been described for several major
classes of SHRs. The dogma that all agonists differ only in
potency has been discarded. Although the great bulk of genes
are regulated similarly by SHR ligands, data suggest that unique
gene sets of varying size are regulated by each natural or xeno-
biotic LBD ligand. Ligands bound in the LBD exert significant
allosteric effects (16–21) locally and throughout their SHR.
Selective response-modifying ligands for SHRs are being stud-
ied assiduously in hopes of providing just the desired, tissue-
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specific effects. For success, these studies must consider how
the allosteric reach of the LBD extends to other domains.
In addition to classic ligands, the various proteins that bind

the LBD (CoFs, chaperones, etc.) can be looked upon as an
additional ligand class (18, 22, 23). Chaperones and associated
proteins that bind to the LBDs of certain SHRs in the absence of
small molecule LBD ligands (24, 25) act to preserve the optimal
configuration of the small molecule-binding pocket and thus
can be thought of as acting locally as classic Koshland allosteric
modifiers (26). SomeCoFs bind directly to theAF2 surface (and
in some instances, other LBD surfaces), where they provide
important chromatin-modifying functions and serve as binding
platforms for the aggregation of additional co-regulatory pro-
teins that collectively determine the transcriptional response.
In binding the LBD, CoFs affect the structural properties of the

SHR; thus, CoFs are allosteric effectors/ligands (18, 27, 28). In
sum, the LBD is malleable, adopting functionally important,
differing structures in response to small molecule and protein
ligands. Ligand binding to the LBD results in allosteric effects in
remote receptor regions.

Dynamic Nature of the DBD

The DBD classically has been defined as a small globular
peptide. In solution, however, the unbound DBD has a flexible
structure (29–32). Recently, it has been shown that for optimal
DNAbinding, an evenmore flexibleC-terminal peptide “exten-
sion” of the DBD is required (33, 34). Thus, the complete DBD
may be considered to include this extension. The accepted
model states that the ligand-activated SHR continually samples
DNA across the vast excess of nonspecific weak binding sites

FIGURE 1. Classic model of SHR function. A, structural architecture: SHRs are composed of three domains with segregated functional roles. The globular
C-terminal LBD (green) binds steroidal or other small ligands. This alters the position of the LBD 12th helix to configure the AF2 surface so as to bind
“ligand-dependent” CoFs containing LXXLL motifs. The globular DBD (blue) recognizes specific DNA sequences. The hinge region (pink) connects the DBD and
LBD. The NTD (yellow; structure undetermined) is of varying length and sequence in the SHR family of TFs. In some NRs, it is absent altogether. When present,
the NTD may bind CoFs without requirement for an LBD ligand (“ligand-independent”). The AF1 regions of the NTD vary in potency for regulating transcription.
B, functional scheme: binding of steroid localizes the SHR to the nucleus. SHRs homodimerize and other NRs heterodimerize and associate with their RE DNA
sequences. The NR-DNA complex attracts CoFs and other proteins of the transcriptional and chromatin-modifying apparatus. TBP, TATA box-binding protein;
TAFs, TBP-binding factors; RNA Pol II, RNA polymerase II.
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until a proper high affinity site is reached (35, 36)). The dynamic
nature of these complexes can be studied by newly developed
applications of NMR (37, 38). In addition to the SHR itself,
other proteins are often involved in the site-specific binding,
e.g. HMG proteins (33, 39). This suggests structure-modifying
effects of the heterologous proteins on the SHR.
In sum, the processes by which SHR/NRDBDs seek and find

their high affinity binding sites strongly suggest flexible
dynamic behavior of their DBDs. The stable interaction of the
DBD with its cognate RE also results in allosteric effects, as
discussed next.

Allosteric Effects of RE-DBD Binding

Contrary to the classic model, the binding interaction
between the DBD of an SHR/NR and its RE does more than
anchor the receptor to a proper genome site. Evidence shows
that the RE is an allosteric ligand, acting through the DBD of
SHRs to influence NR structure at the DBD and beyond (40–
44). In general, higher SHR-RE affinity correlates with stronger
transcriptional activity, but in some cases, the opposite has
been found (43). An extreme example was given in the compar-
ison of two ER REs with equal affinity for the ER. One estrogen
RE engendered a typical transcriptional response; the other was
inactive (45). Such sequence-specific RE effects suggest allos-
teric effects on receptor structure. The effect of high affinity
DBD-DNA binding on protein, e.g. SHR structure, was calcu-
lated. The results suggested that bindingmay involve folding of
some part of the protein (46). Consistent with this, predictive
algorithms (47) indicate that some disorder exists in the DBD.
Globular proteins often contain structurally dynamic regions
important for function (48, 49). Indeed, NMR studies of
dynamics (29, 50–54) show the DBD in solution to be an
ensemble of conformers. The ensemble concept for globular
proteins has been validated crystallographically (55). Upon
DNA binding, the DBD becomes less flexible, and crystallo-
graphic studies providemany valuable snapshots of these struc-
tures, stabilized from among the ensemble of conformations.
Considering the above, it was reasoned that the specific
sequence of a specific binding site for a transcription factor (TF)
affected its structure and function (56). Indeed, glucocorticoid
receptor (GR) DBD structure is subtly altered according to the
specific sequence of the RE to which it is bound. These struc-
tural differences correlate with differences in the spectrum and
extent of genes regulated (43).
The allosteric influence of SHR-DNA binding is not limited

to local DBD effects. In the progesterone receptor, additional
NTD structure upon DNA binding was seen in both the A and
B isoforms (57, 58). Work with the thyroid receptor/retinoid X
receptor heterodimer showed that the sequence of theTRRE to
which it bound influenced the structure and function of the
heterodimer (59). Extensive work on ER� and ER� has shown
that DNA binding and sequence influence overall receptor
structure, binding of CoFs, and transcriptional function (42,
60–62). GR DBD binding to an RE causes acquisition of sec-
ondary and tertiary structure in the disorderedNTD (63), along
with increased binding of several CoFs, the essential function of
AF1. It was predicted that binding of DBDs to REs should cause
acquisition of structure and function in the unstructured

NTDs/AF1s of other SHRs (64, 65) and that the structural
changes should affect AF1 binding to and selection of CoFs.
Consistent with this, it was shown subsequently that the RE-
andAF1-dependent recruitment of TATAbox-binding protein
in vivo correlated with gene induction (66).
Combining the knowledge that RE-DBD interaction results

in altered structure in the DBD and the NTD/AF1 (and the
DNA; not reviewed here), it seems plausible that this binding
event will also show effects on the regions of the NRs that lie
C-terminal to the DBD. The allosteric influences of DNA bind-
ing could thus result in selectivity of further SHR-NR interac-
tions with various heterologous proteins. Such structural
effects will be important for explaining the cell- and gene-spe-
cific effects of SHRs/NRs and their ligands. As different cells
expose differing regulatory regions of their genomes to occu-
pancy by these TFs, cell-specific patterns of gene regulation
result.
These data collectively urge that any SHR/NR model should

include the role of DNA as an allosteric effector, with both local
and remote DBD-specific effects. As described next, it appears
that the property thatmediates the allosteric responses of these
proteins is their intrinsic structural disorder.

Disorder Is the Key to NTD Functions

NTDs of SHRs/NRs have been difficult to study structurally;
until recently, this limited the understanding of their mecha-
nisms. Mutational mapping and domain swapping studies
established the importance of NTDs and their AF1 regions for
transcription regulation. Coupled with structural studies, the
data show that like AF2 regions, AF1 regions function as allos-
teric sites that bind various CoFs. The critical property for
NTD/AF1 function seems to be ID. To appreciate this property,
it is necessary briefly to consider ID proteins in general.

Properties of ID Proteins

ID proteins or regions can be thought of as a set of rapidly
interchanging unfolded or only partially folded conformers.
These proteins may have evolved so that a compact structure is
simply too unstable to be significantly populated under ordi-
nary physiological conditions, or they may never adopt a com-
pact globular structure. It is clear that ID domains can tran-
siently adopt secondary and/or tertiary structure as part of their
functional cycle (67). The lack of stable conformation in ID
proteins is due to their unique amino acid content: high per-
centages of certain charged amino acids and low proportions of
hydrophobic amino acids (68–72). Although ID proteins lack
any signature sequence motif, their special properties permit
computer programs to predict their existence (47). These pre-
dict that 20–30% of the mammalian proteome exists as ID
regions and that 70% of transcription factors (TFs) contain ID
regions (71, 73). It appears that the proteins regulating tran-
scription are specifically designed to contain ID regions. SHRs
and several other important classes of NRs have ID regions,
especially in NTDs and their AF1 subdomains. The enhance-
ment of ID sequences in TFs and the effect of ligand binding on
these ID sequences strongly suggest a functional significance
for ID in signal transduction.
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Role of ID in SHR/NR Function

Isoform comparisons and NTD swapping experiments
have shown that differing NTD/AF1s impart uniquely differ-
ent potencies, gene selectivities, and responses to LBD
ligands (74–76). NTDs differ widely in size, sequence, and
ID content, and the pattern of ID regions seems specific for
each NTD class. The AF1 subregions of NTDs have been
shown to have some secondary structure, probably the aver-
age of a multitude of distinct states in the ensemble (see Fig.
3). Only detailed studies will reveal their intimate organiza-
tion. Therefore, hereafter, we refer to NTDs and AF1 regions
simply as ID, with the understanding that they consist of a
variety of transient conformers, perhaps with some relatively
stable regions. Because it is likely that NTDs/AF1s achieve
structure(s) as they interact with varying CoFs, it is impor-
tant to understand the forces controlling the shift from ID to
structure and to learn the properties of the structures
reached. Several ways of producing structure in AF1 regions
of SHRs have been discovered. The first was by use of organic
osmolytes, e.g. trimethylamine N-oxide (TMAO). Organic
osmolytes of several chemical types, known to induce pro-
tein folding, are found in all cells. Such stabilizing osmolytes
are well known in nature, where they are produced intracel-
lularly and function to protect cellular proteins against dam-
aging conditions, such as high extracellular osmolarity and
extremes of temperature (77–79). Protective osmolytes can
induce return of functioning structure to enzymes unable to
fold spontaneously (80). TMAO caused a cooperative shift
from a disordered to an ordered state in the GR AF1/NTD,
and this effect was soon replicated on the androgen receptor
(AR) AF1 and the mineralocorticoid receptor (81–83). The
folded forms showed both secondary and tertiary structure;
these were found to be in a relatively dynamic state, i.e. the
conformers with tertiary structure were in rapid exchange
with less structured states (84). The stabilized conformers
showed increased function by enhanced binding of known
CoFs (85).
Because evidence indicates that when TFs are bound to

appropriate protein partners, their ID regions are frequently in
a relatively stable structured state (67), and because TMAO
enhances formation of structure in the GR and AR NTDs, with
enhanced binding of certain CoFs, the possibility arises that
direct CoF binding could promote structure in SHRNTDs. For
the GR, mineralocorticoid receptor, and AR, this was shown to
be the case (82, 84, 86).
The third method showed that binding of a GR or progester-

one receptor to a palindromic glucocorticoid RE induced struc-
ture in theNTD (57, 63). Thus, anRE acts as an allosteric ligand,
with structural consequences in the NTD (65). Because we
know that the base sequence of anRE affects the choice of genes
regulated through transcription and the potency of the regula-
tion, it seems likely that the allosterically induced structure in
the NTD/AF1 provides part of the mechanism for that RE-spe-
cific regulation. The detailed structures induced in the NTD/
AF1 by osmolytes, remote RE-DBD interaction, or direct CoF
binding remain unknown. The data clearly show, however, that
there is increased tertiary structure and increased helical con-

tent. Whatever conformations are formed are still dynamic, an
ensemble of interchanging structures that is on average much
more stable than the original ID state. Whether this corre-
sponds to an equilibrium between a folded and an unfolded
conformation or whether there is an ensemble of partially
folded states is unknown. It may be that ID regions fold into
more than one structure that can bind to another protein with
high affinity (87, 88). Because various cell types contain unique
combinations of ubiquitous and cell-specific CoFs with which
NRs must interact to regulate transcription, it seems plausible
that the ID regions found in the SHRNTDs/AF1swould be able
to shift rapidly between conformers. By doing so, NTDs/AF1s
may be able to sift through the multiple potential CoFs being
encountered.
It may also be the case that a large disordered domain con-

tains multiple CoF-binding regions, such that each ID region
adopts a more or less unique conformation when bound to
its CoF. Differences in function could result because the var-
ious binding sites fold in different combinations in the con-
text of different cellular milieus. We suggest that a produc-
tive and more quantitative way to think of these regions is as
an ensemble of multiple conformers (89), some of which can
be stabilized by allosteric interactions, secondary modifica-
tions, and cellular conditions (such as pH, salts, and
osmolyte content). The value of this approach to the prob-
lem has been demonstrated (90, 91). The properties of such
conformers can be examined by quantitative methods. Some
in vitro conditions may sufficiently stabilize some conform-
ers so that they can be studied crystallographically. However,
this model also predicts that no single static structure will
give a complete understanding of the actions of ID regions.
For that, methods that follow the dynamic properties of the
SHRs and their family will be required.

ID Regions in SHRs, NRs, and TFs Optimize Allosteric
Coupling

Because each major domain of an SHR can reversibly bind
various ligands, what is the effect of such binding at one
domain on the capacity of another domain to bind its own
ligands? The fundamental value of the ID regions and how
they interact with folded domains can be appreciated in
quantitative terms. Consider a two-domain protein, com-
posed of domains I and II, connected through an interface
(Fig. 2). This example would be analogous to the observed
mutual impact of the DBD and NTD of an SHR wherein the
binding to the RE DNA induces structure in the NTD. In Fig.
2, domain I is represented as relatively well folded, like the
DBD, and can populate a low (LA) or high (HA) affinity state.
Domain II, similar to the NTD, is an ID domain, also with LA
and HA states, except that the LA state is disordered and the
HA state is structured (similar to the NTD). For this model,
domain I can bind ligand A, and domain II can bind ligand B,
and the protein can exist in four possible states: 1) both
domains I and II in LA states, 2) domain I in an LA state and
domain II in an HA state, 3) domain I in an HA state and
domain II in a LA state, and 4) both domains I and II in HA
states. Classic equilibrium relations allow calculation of the
probabilities for the protein to be in any of the four states
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(91–93), given the intrinsic free energies of domains I and II
and the interaction between them. The ability of each
domain to “sense” the other domain stems from the fact that
the energy of each of the four states, relative to the state in
which both domains are in their HA conformations, is deter-
mined by the HA/LA energy difference in the relevant
domain plus the energy required to break the domain-do-
main interaction (�gint). Although the precise magnitude of
this coupling will depend on the balance of energies, a nec-
essary condition is that the coupling energy be non-zero (i.e.

�gint � 0). When �gint is positive, it is energetically unfavor-
able to break the interaction between the HA forms of each
domain, and when �gint is negative, it is energetically favor-
able to break the interaction.
Upon binding a ligand, ID proteins often fold their disor-

dered domain, and for several SHRs, direct binding of a pro-
tein ligand, e.g. a CoF to the disordered NTD/AF1, results in
folding of the NTD/AF1. Therefore, in themodel, the folding
of the NTD can also be allosterically induced by ligand bind-
ing in another domain. This can be shown in the model by
adding ligand, which redistributes the ensemble probabili-
ties. The impact that the redistribution has on the ensemble
properties depends on the probabilities of each state prior to
the addition of ligand. Importantly, the response of the sys-
tem to the addition of ligand depends on where the equilib-
rium is poised prior to ligand addition, and where it is poised
is determined by the magnitudes of the intrinsic stabilities
and interaction energies between the domains. For the
example shown, the addition of ligand A promotes the tran-
sition from the LA state of domain I to the HA state. For the
particular parameters chosen for Fig. 2, redistribution to the
HA states of domain I also causes a shift to the folded HA
states of domain II. Such a scenario is consistent with the
impact of RE DNA binding to the DBD of an SHR, where
binding of the RE would promote the HA state of the DBD. If
the balance between the conformational and interaction
coupling energies between the domains is within a specific
set of values (see below), redistribution to the HA state of the
DBD results in a commensurate redistribution to the HA or
folded state of ID domain II. In other words, DNA binding to
the DBD could fold the ID NTD and thus increase its affinity
for NTD-binding proteins. Is this what is actually happening
in SHRs? This simple model has important implications for
SHR function. The response of the system depends on the
relative probabilities (P) of the different states. Under one
particular set of conditions (Fig. 2), the addition of ligand A
increases the ability of the system to bind ligand B, making
ligand A a positive allosteric effector for ligand B under these
conditions. However, because the response is determined by
the magnitudes of the probabilities, the same four states can
be poised in such a way as to make ligand A a negative allos-
teric effector for ligand B. Thus, within the context of even
the most simple manifestation of the ensemble model, it is
straightforward to understand how a single ligand can act as
an agonist under one set of conditions and as an antagonist
under another set of conditions: the ensemble need only be
poised differently prior to activation. In the case of SHRs
(Fig. 3), integrating the ensemble model into the classic SHR
model provides a new framework within which functional
differences can be addressed. For instance, a long-standing
problem in explaining all SHR actions is lack of a mechanism
as to how these TFs have such tissue and cell specificity of
action. The original discovery of SHRs (94) was based on the
hypothesis that steroid class-specific receptors would be
concentrated in appropriate target tissues, e.g. the ER in the
uterus. These SHRs would bind the proper circulating ste-
roid for actions in that tissue. This mechanism may apply
sometimes, as in the differential expression of certain SHR

FIGURE 2. Tuning the protein ensemble can modulate allosteric control. A
simple two-domain model can be used to demonstrate how changing the
probabilities of states can result in differential allosteric effects. A, a two-do-
main protein is shown, with the domains connected through an interface.
Each domain has an equilibrium between a HA and LA state, which is gov-
erned by the intrinsic stability terms (�GI and �GII). The LA state can be ID (as
with the NTDs of the SHRs) or just an alternative conformation (as with the
DBDs of SHRs). Coupling between domains is facilitated by an interaction
energy (�gint), which determines the energetic cost of having the HA states
populated in each domain simultaneously. B, Le Chatelier’s principle dictates
that the addition of ligand will stabilize the HA state of a particular domain,
causing a ligand-induced redistribution of the ensemble. In this example, the
addition of ligand A stabilizes the HA state of domain I, and the resultant
redistribution also stabilizes the HA state for domain II. The observed effect is
an apparent increase in the affinity of the protein for ligand B (i.e. ligand A is a
positive allosteric effector of ligand B). However, the impact that such a redis-
tribution will have on the affinity of the protein for a second ligand will
depend on where the equilibrium is poised prior to stimulation with ligand A.
The probabilities (P) of each form under specific sets of conditions are shown.
When this model was exhaustively explored, it was found that ID could be
used to tune the allosteric response of a protein, with some parameter com-
binations producing positive coupling and others producing negative cou-
pling (91).
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isoforms in various tissues or in cell sets within an organ, and
at various times during development (95–99). However, it is
apparent that many NRs, GR� for example, are abundant in
widespread tissues. Thus, the original hypothesis cannot
explain the tissue-specific effects of widely expressed SHRs.
Many other factors may influence NR behavior, including
signaling pathway cross-talk, the metabolic state of each cell,
paracrine signaling pathways, and tissue-specific CoFs. We
suggest that the ensemble nature of the SHR and, in partic-
ular, the ID properties of the NTD/AF1 contribute signifi-
cantly to the cell and tissue specificity of SHR/NR action.
Conformational plasticity provides a wide range of different
states that an NR can populate, and the broad conforma-
tional repertoire also provides a range of regulatory possibil-
ities. Having multiple conformers in the ensemble allows
precise tuning, permitting interactions with differing poten-
tial ligands, including proteins, small molecules, and REs.
Conformational diversity even allows the same ligand to act
as agonist or antagonist depending on how the SHR states
are poised prior to activation.

Conclusions

NRs should not be viewed as simple articulated sets of linked
globular domains; the allosteric properties of NRs are essential
to their function. SHRs (and by extension, all NRs) are structur-
ally much more dynamic proteins than is represented by tradi-
tional models, and each of the three classic SHR domains has a
dynamic ensemble of structures that respond to a variety of
ligands, including small molecules, DNA sequence, and heter-
ologous proteins. The LBD and DBD each undergo ligand-

driven structural stabilization that drives remote allosteric
responses. LBD ligands include a variety of natural and man-
made small molecules (steroids and nonsteroidal xenobiotics),
which influence the AF2 surface and other regions in ligand-
specific ways. For the DBD, high affinity RE sites, which vary
considerably in sequence for each class of SHR, represent
ligands that variably affect DBD structure, resulting in differen-
tial selection of genes regulated and the extent of that regula-
tion. Besides local allosteric effects, RE-DBD binding causes
increased structure in the otherwise ID NTD. This more struc-
tured NTD/AF1 shows increased affinity for important known
CoFs. It is increasingly clear that ID is important for mediating
allosteric control, as demonstrated theoretically and experi-
mentally (91, 92, 100). By examining how the response of the
protein ensemble to ligand can drive allosteric coupling, we
have shown that the presence of one or more ID regions in a
protein canmodulate allosteric coupling between domains. Just
as important as showing how ID can facilitate allostery is that
the ensemble model provides a framework for understanding
the broader principles at play in NR function. Because the
response of the protein to ligand depends on the relative stabil-
ities of states prior to activation, NRs and indeed most TFs can
no longer be viewed as switches with fixed committed
responses. To the contrary, the ensemble can be viewed as func-
tionally “pluripotent,” having the capability to up- or down-
regulate a specific set of activities depending on the relative
stabilities of the various states in the ensemble. It is hoped that
this ensemble view of NR function will provoke a re-evaluation
of data and provide novel insights fromwhich new experiments
will be conducted.
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Many secreted proteins are synthesized as precursors with
propeptides that must be cleaved to yield the mature functional
form of the molecule. In addition, various growth factors occur
in extracellular latent complexes with protein antagonists and
are activated upon cleavage of such antagonists. Research in the
separate fields of embryonic patterning and extracellularmatrix
formation has identified members of the BMP1/Tolloid-like
family ofmetalloproteinases as key players in these types of bio-
synthetic processing events in species ranging from Drosophila
to humans.

Bone morphogenic proteins (BMPs)2 were first defined by
the ability to induce de novo bone formation and were first
identified in bone extracts (1). Although all other BMPs are
members of the TGF� superfamily of growth factors, BMP1 is a
metalloproteinase, the first demonstrated role of whichwas as a
procollagen C-proteinase (pCP) (2) that cleaves C-propeptides
from procollagen precursors to produce mature monomers of
themajor fibrillar collagens I–III. This activity is crucial to bone
biology, as collagen I is the major protein component of bone
and is essential to bone structure/function. After initial cloning
of mammalian BMP1, Tolloid (TLD), the protein product of a
zygotically active gene involved in dorsoventral patterning of
Drosophila embryos, was shown to have a domain structure
resembling that of BMP1 (3) and was later shown to exert pat-
terning effects by activating the TGF�-like BMP decapentaple-
gic (DPP) (4). Subsequently, BMP1 and TLD have become pro-
totypes of the BMP1/TLD-like proteinase (B/TP) family. B/TPs

in a broad range of species are now implicated in processes that
include extracellular matrix (ECM) formation and mineraliza-
tion, embryonic patterning, growth factor activation, and gen-
eration of anti-angiogenic protein fragments, all via cleavage of
a growing list of substrates.

B/TP Structure

There are four mammalian B/TPs: BMP1, mammalian TLD
(mTLD), andmammalian TLD-like 1 (mTLL1) and 2 (mTLL2).
mTLD is a longer splice variant encoded by the same gene that
encodes BMP1 (5), whereas TLL1 and TLL2 are genetically dis-
tinct. BMP1, mTLD, mTLL1, and mTLL2 homologs have been
identified inXenopus, whereasDrosophila has two B/TP family
members distinct from those found in vertebrates (6). B/TPs
share a similar protein domain structure (Fig. 1) comprising an
N-terminal prodomain, followed by a conserved protease
domain characteristic of the astacin M12A family of the metz-
incin subclan of metalloproteinases (7, 8) and then by non-
catalytic EGF (EGF-like) andCUBmotifs, the latter named after
the first three proteins in which it was described (complement/
Uef/BMP1) and thought to be involved in protein-protein
interactions (9).
The prodomain confers latency and is cleaved in the Golgi of

some cell types by subtilisin-like proprotein convertases (SPCs)
(10), whereas in other cell types, B/TPs are secretedwith prodo-
mains intact (11, 12), suggesting extracellular activation. In
Drosophila embryos, most TLD occurs as a prodomain-retain-
ing form, suggesting an activation limited by either inefficient
or regulated processing (4). BMP1/mTLD prodomain
sequences, which co-purify with TGF�-like BMPs from
osteoinductive bone extracts (1), can bind BMP2 and BMP4
with high affinity and may participate in regulating their activ-
ity in vivo (12).
Crystal structure analysis indicates that the BMP1 protease

domain, as in the prototypical protease astacin, has a deep
active site cleft, within which three conserved histidines bind
the catalytic zinc, but it differs from the astacin protease
domain in that a conserved tyrosine does not participate in zinc
binding (13). The specificity of B/TP active sites differs from
that of the prototypic protease astacin but is similar to that of
other astacin family members in having a strong preference for
aspartate in the P1� position of substrate cleavage sites (6, 14).
Crystal structure analysis has identified a basic arginine in the
S1� pocket of BMP1, consistent with this preference for P1�
aspartates, whereas a bulky vicinal disulfidemay contribute to a
restricted S1 pocket, helping to explain a preference of B/TPs
for small aliphatic resides in substrate P1 positions (6, 13). Only
five cleavage sites of knownB/TP substrates lack P1� aspartates,
and these all have glutamines in the P2 position (15), although
the significance of this observation remains to be determined.
C-terminal to the protease domain are the CUB and EGF

domains. A subset of CUB domains appears to require Ca2� for
optimum binding activity (16). The most N-terminal BMP1
CUB domain (C1) may play a role in imparting “chordinase”
activity, or ability to cleave chordin (17), a substrate described
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below. EGF domains bind Ca2� and may confer structural
rigidity to portions of B/TPs (18). BMP1, the most proteolyti-
cally active vertebrate B/TP against a number of substrates, has
the fewest C-terminal non-catalytic domains, and deletion of
EGF domains from mTLD enhances its pCP activity and
imparts an otherwise absent chordinase activity (19). Evidence
suggests that the reduced proteolytic activity of mTLD, relative
to BMP1, involves Ca2�-dependent homodimerization via its
extraCUB andEGFdomains, in particular themoreC-terminal
EGF domain, E2, leading to decreased proteolytic activity by
partial occlusion of the active site by the more C-terminal CUB
domains, C4 and C5 (20). A similar mechanism seems to apply
for mTLL1 (21). B/TPs have a number of Asn-linked glycosyl-
ation sites, many of which are conserved among family mem-
bers (Fig. 1). Glycosylation at such sites can affect BMP1 secre-
tion, thermostability, and pCP activity (22).

B/TP Distributions and General Functions

All fourmammalian B/TPs are expressed inmouse gastrulas,
consistent with roles in dorsoventral patterning, whereas in
later development, BMP1, mTLD, andmTLL1 are expressed at
relatively high levels in areas of bone formation, consistent with
roles in this process, andmTLL2 expression localizes to skeletal
muscle (23).mTLL2 appears to serve a non-redundant function
in muscle, as mTLL2-null mice have a small reduction in mus-
cle mass (24). Xenopus BMP1, mTLL2, and mTLL1 homologs
are designated BMP1, Xolloid, and Xolloid-related, respec-
tively. BMP1 and Xolloid are expressed ubiquitously in Xeno-
pus early embryos, whereas Xolloid-related is up-regulated in
ventral regions by BMP signaling (25). In Drosophila embryos,
which have inverted dorsoventral axes compared with verte-
brates, TLD is localized dorsally (4). Studies in Xenopus and
Drosophila were the first to demonstrate B/TP roles in embry-
onic dorsoventral patterning (4, 26). Expression domains of a
second Drosophila B/TP, TLD-related (TLR; also known as
Tolkin), partially overlap those of TLD in embryos, but TLR
functional importance appears to lie mainly in larvae, in which
TLD is not expressed (27–29). Mammalian B/TP expression is
at relatively high levels in the developing and adult central nerv-
ous systems (5, 30–32), suggesting roles in development and
homeostasis of this tissue. Expression levels of mTLL1, in par-

ticular, are high in the adult central nervous system in areas of
high synaptic plasticity (31, 32). Relatedly, B/TPs appear to play
roles in synaptic plasticity in the mollusc Aplysia (33), whereas
TLR participates in axon guidance inDrosophila (27, 29). Mice
null for the Bmp1 gene, which encodes BMP1 and mTLD, are
perinatal lethal, with failure of ventral body wall closure and
persistent gut herniation, likely due to defective ECM and lim-
ited disruption of dorsoventral patterning (34). Consistent with
a loss of pCP activity, Bmp1-null mice have abnormal collagen
fibrils. Surprisingly, however, given the importance of collagen
I to bone, gross skeletal abnormalities are not observed, perhaps
due to functional redundancywithmTLL1 in this tissue (34). In
mice,mTLL1 expression is limited to the cardiovascular system
until 10 days post-conception (dpc) and, at early times, co-lo-
calizes in the heart field with the cardiac-specific transcription
factor Nkx-2.5 (30), which may participate in driving mTLL1
expression in this tissue (35). After 10 dpc, mTLL1 is more
broadly expressed, butmTLL1-null mice die at�13.5 dpc from
deficits apparently confined to the cardiovascular system (30).
In humans, non-synonymous polymorphisms have been
reported in mTLL1 coding sequences in several patients with
atrial septal defects (36), although the significance of these find-
ings remains to be determined.
Recently, mTLD was reported to as a component of human

plasma (37), althoughwith a size of 95 kDa, smaller than the 130
kDa previously reported for mTLD (11, 23). Thus, mTLD or an
mTLD derivative may exert systemic effects, in addition to
localized effects exerted by mTLD produced in individual tis-
sues. CirculatingmTLD appears to be involved in bone fracture
repair and in the fibrosis associatedwith chronic kidney disease
(37, 39). Thus, inhibition or provision of circulatingmTLDmay
represent future approaches to therapeutic interventions in
these and related conditions.

Roles in ECM Formation

B/TPs appear to play important roles in regulating ECMdep-
osition by proteolytic trimming of precursors of various ECM-
related proteins, including collagens, small leucine-rich pro-
teoglycans (SLRPs), small integrin-binding ligand N-linked
glycoproteins (SIBLINGs), lysyl oxidase (LOX), and basement
membrane components perlecan and laminin-332.

Collagens

The major fibrillar collagens I–III are synthesized as procol-
lagens with N- and C-terminal peptides that must be removed
to produce mature triple helical monomers capable of forming
fibrils (40). The C-propeptides are cleaved by B/TPs (2, 41)
intracellularly or extracellularly in a tissue- and developmental
stage-specific manner (42). Prior to secretion, procollagens
form intracellular aggregates (42), which may be processed
more efficiently by B/TPs than are single procollagenmolecules
(43). It has been reported that retained C-propeptides preclude
monomer incorporation into fibrils in vitro and in cultures of
normal fibrogenic cells (44, 45), although collagen monomers
with uncleaved C-propeptides do appear to be incorporated
into fibrils of cells and tissues of embryonic lethal mice doubly
null for the genes that together encode BMP1, mTLD, and
mTLL1 (45, 46). Mutations at collagen I C-propeptide cleavage

FIGURE 1. B/TP protein domain structures. The upper schematic labeled
B/TP represents the general protein domain structure shared by the majority
of B/TPs across species. In the middle and lower schematics, arrowheads
denote alternative splicing that produces BMP1 and mTLD variants form the
same gene. Purple, red, green, blue, yellow, and pink boxes represent signal
peptides, prodomains, metalloprotease, and CUB and EGF domains and
domains unique to each protein, respectively. Triangles denote the sites of
potential Asn-linked glycosylation, conserved in B/TPs across a broad range
of species. CUB domains 1–5, and EGF domains 1 and 2 are labeled C1–5 and
E1 and E2, respectively. z, zebrafish.
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sites that result in partial impairment of cleavage by B/TPs
result in mild cases of the brittle bone disease osteogenesis
imperfecta (47), although it is likely that complete inability to
cleave major fibrillar collagen C-propeptides is incompatible
with viability. Recently, it was shown thatmeprins, astacin fam-
ily members related to the B/TPs, can cleave both N- and
C-propeptides of procollagen III in vitro and that theC-propep-
tide cleavage site is the same as that used by B/TPs (48). How-
ever, it is unknownwhether such cleavages bymeprins occur in
vivo, and the physiological relevance of such findings remains
to be determined.

Minor fibrillar collagens V and XI are incorporated into and
are thought to regulate the geometries of fibrils of the more
abundant collagens I and II, respectively (49, 50). The pro-
�2(V) chain of collagen V and the major fibrillar collagen
I–III procollagen chains share an identical protein domain
structure and constitute the clade A procollagen chains,
whereas the pro-�1(V) and pro-�3(V) chains of collagen V
and the pro-�1(XI) and pro-�2(XI) chains of collagen XI
constitute the clade B procollagen chains (51). An obvious
difference between clade A and B procollagens is in the con-
figuration of their N-terminal globular regions (Fig. 2). As

FIGURE 2. B/TP substrates. Schematics are shown for known B/TP substrates. A, collagens: a, clade A fibrillar procollagens; b, clade B fibrillar procollagens; c,
procollagen VII; d, gliomedin. B, non-collagenous ECM-related proteins: e, pro-LOX and pro-LOX-like (B/TPs cleave the former once and the latter at two sites);
f, SIBLING proteins (cleaved by B/TPs into N- and C-terminal fragments, the latter more highly phosphorylated and containing integrin-binding RGD sequenc-
es); g, SLRPs; h, perlecan; i, laminin-332 (cleaved in both the �3 and �2 chains by B/TPs). C, non-ECM-related substrates: j, chordin and SOG (each cleaved by
B/TPs at two corresponding locations, with SOG cleaved at a third additional site (not shown) just N-terminal to CR2; TSG binds BMP2/4-chordin and DPP-SOG
complexes, thereby modulating chordin/SOG cleavage by B/TPs); k, CHL1 and Chl (each has three cysteine-rich (CR) domains with homology to those of
chordin/SOG); l, GDF8/11; m, IGFBP3; n, LTBP (cleaved by B/TPs to release the TGF� “large latent complex” from the ECM); o, pro-ApoA1; p, prolactin/growth
hormone.
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with major fibrillar procollagens, B/TPs cleave the pro-
�2(V) C-propeptide (52). In contrast, clade B procollagen
C-propeptides are cleaved by SPCs, whereas B/TPs cleave
within the large N-terminal globular domains of the pro-
�1(V), pro-�1(XI), and pro-�2(XI) chains (45, 52). Pro-
�3(V) N-terminal sequences can be cleaved by B/TPs in vitro
and in cell culture systems (53), although such processing
may not occur in at least some tissues in vivo (54). Proteolytic
trimming defines the portions of clade B N-terminal globu-
lar regions that project beyond fibril surfaces and that may
participate in regulating fibril geometry (55).
The C-terminal globular NC2 domain of non-fibrillar colla-

gen VII is cleaved upon formation of collagen VII antiparallel
dimers that self-associate to form anchoring fibrils, important
in securing the epidermis to the underlying stroma, and B/TPs
can cleave the NC2 domain in vitro (56). Moreover, mutations
that eliminate this cleavage site result in procollagen VII accu-
mulation at the dermal-epidermal junction in vivo and in the
blistering skin disease dystrophic epidermolysis bullosa (56).
Although procollagen VII processing appears undiminished in
Bmp1-null mice, this may result from functional compensation
by mTLL1 and/or mTLL2 (57).
Gliomedin, a transmembrane collagen important in forma-

tion of the nodes of Ranvier, is shed from Schwann cell surfaces
by SPCs but can be further processed by B/TPs (58). The latter
cleavage results in free olfactomedin domains with enhanced
ability to aggregate, which may help stabilize nodes of Ranvier
(58).

Non-collagenous ECM-related Proteins

LOX and LOX-like are extracellular enzymes necessary for
the formation of covalent cross-links that provide collagen and
elastic fibers with much of their tensile strength. Both are
secreted as zymogens that are activated byB/TPs via cleavage of
prodomains (59, 60). Dentin matrix protein 1 (DMP1) and
DSPP (dentin sialophosphoprotein), SIBLING family mem-
bers, are highly acidic proteins that can be cleaved by B/TPs to
produce fragments involved in initiatingmineralization of hard
tissues (61, 62). Observations that DMP1-processing activity is
decreased in cells null for BMP1, mTLD, and mTLL1 (62) and
that expression of both BMP1 and DMP1 increases coincident
withmineralization (63) are supportive of the physiological rel-
evance for B/TP cleavage of DMP1. Osteoglycin, which is
believed to regulate collagen fibril diameters, and biglycan and
decorin, which appear to play roles in regulating both collagen
fibrillogenesis and TGF� signaling, are SLRPs that are synthe-
sized as precursors and cleaved by B/TPs tomature forms (64–
66). B/TPs also process basement membrane proteins laminin-
332 (also known as laminin-5), in which the �2 and �3 chains
are trimmed, and perlecan, a proteoglycan (67, 68). B/TP cleav-
age of perlecan liberates the anti-angiogenic fragment
endorepellin (67). However, peptides that inhibit mTLD in
vitro may reduce angiogenesis in some systems (69). Thus,
B/TPs may balance regulation of angiogenesis by assisting in
blood vessel growth while releasing anti-angiogenic factors to
prevent excessive angiogenesis.

Non-ECM-related Substrates: Growth Factors

In addition to direct roles in ECM formation, B/TPs affect
development and homeostasis via effects on various non-ECM
proteins, including a subset of growth factors such as BMP2 and
BMP4. Aside from roles as osteoinductive factors (1), BMP2
and BMP4 generate signaling gradients that aremajor determi-
nants of dorsoventral patterning in vertebrate embryogenesis, a
mechanism conserved in Drosophila by signaling gradients of
the BMP2/4 homolog DPP (70). BMP2 and BMP4 are bound
and inhibited by the extracellular antagonist chordin, whereas
DPP is bound and inhibited by theDrosophila chordin homolog
short gastrulation (SOG). In vertebrates, B/TPs provide chor-
dinase activity that cleaves chordin, thus freeing BMP2/4 to
bind cell surface receptors, whereas SOG cleavage by TLD
serves a similar purpose inDrosophila (4, 26, 45). A difference is
that SOG is efficiently cleaved only when bound to DPP,
whereas chordin cleavage is BMP2/4-independent (4, 26).
Dependence of SOG cleavage on DPP as a co-substrate appar-
ently bolsters a long-rangeDPP diffusion function of SOG, thus
contributing to a steeper and more stable DPP signaling gradi-
ent (71). In vertebrates andDrosophila, the protein twisted gas-
trulation (TSG) binds BMP2/4-chordin or DPP-SOG com-
plexes, thus modulating chordin/SOG cleavage by B/TPs (72).
The mammalian protein chordin-like 1 (CHL1) and the
zebrafish protein chordin-like (Chl), with similarities of protein
domain structure to chordin, bind and inhibit BMP2/4 and are
both cleaved by B/TPs (73). Interestingly, the BMP1/mTLD
prodomain, which co-purifies from bone extracts with BMP2/4
(1), can avidly bind BMP2/4 and thus inhibit signaling (12).
Although BMP1 prodomain-BMP4 complexes are found in tis-
sues (12), the roles that such interactions may play in vivo are
yet to be determined.
TGF�1–3, which play important roles in regulating cell

behaviors, are synthesized as inactive proproteins. Upon cleav-
age by SPCs, TGF�1–3 remain noncovalently bound to their
prodomains as latent complexes. Most often, these complexes
are covalently linked via their prodomains to latent TGF�-
binding proteins (LTBPs), which tether them to the ECM (74).
B/TPs cleave LTBP1, thus releasing from the ECM a processed
form of the complex with increased susceptibility to further
activation by matrix metalloproteinases (75). However, this
method of TGF�1–3 activation is one of several reported
mechanisms for TGF�1–3 activation and may thus be limited
to a subset of physiological circumstances. TGF�-related
growth and differentiation factors (GDFs) 8 and 11, negative
regulators of skeletal muscle growth and neurogenesis, respec-
tively, also form noncovalent latent complexes with their SPC-
cleaved prodomains, and in both cases, these latent complexes
are activated by B/TP cleavage of prodomains (76, 77). Simi-
larly, in Drosophila, TLD and TLR can cleave prodomains of
TGF�-like factors activin, dawdle, andmyoglianin (27), the lat-
ter a homolog of mammalian GDF8. TLR cleavage of dawdle
appears to play a role in axon guidance and fasciculation (27).
Insulin-like growth factors (IGFs), which have important

roles in development and metabolism, are bound by IGF-bind-
ing proteins (IGFBPs), which modulate IGF activity. B/TPs can
cleave IGFBP3, one of six mammalian IGFBPs, in vitro and are
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responsible for most IGFBP3 processing in mouse embryo
fibroblasts (15). This processing appears to lower the ability of
IGFBP3 to block IGF cell signaling while enhancing some IGF-
independent IGFBP3 effects on cells (15).

Additional Non-ECM-related Substrates

When secreted by endothelia, prolactin and growth hor-
mone have angiogenic effects, whereas naturally occurring
N-terminal cleavage fragments of the same hormones are anti-
angiogenic. B/TPs can cleave prolactin and growth hormone in
vitro and in cell culture, creating N-terminal fragments similar
in size to those found in vivo and with similar anti-angiogenic
effects (78). Thus, as with perlecan (see above), B/TPs can gen-
erate anti-angiogenic fragments, in this case via cleavage of pro-
angiogenic hormones. Consistent with possible B/TP roles in
angiogenesis is the finding that mTLD mRNA is among the
transcriptsmost strongly induced by transition of resting endo-
thelia to the activated endothelia associated with tumors (79).
ApoA1, the major protein component of HDL, is secreted as

a proprotein unable to bind lipids. BMP1-neutralizing antibod-
ies or siRNA blocks pro-ApoA1 propeptide cleavage, whereas
recombinant BMP1 can cleave the propeptide (80). Also, the
physiological pro-ApoA1 cleavage site resembles those found
in known B/TP substrates. Thus, B/TPs may be responsible for
cleaving pro-ApoA1, perhaps enhancing ApoA1 conversion to
a conformation able to bind phospholipids (80).

B/TP Regulators

A growing number of protein regulators of B/TP activities
have been reported that, due to their modulation of B/TP activ-
ities, may play similarly important roles in morphologic and
homeostatic events.

pCP Enhancers

pCP enhancers 1 and 2 (PCPE1 and PCPE2; also known as
PCOLCE1 andPCOLCE2), proteins that canmarkedly enhance
B/TP pCP activity, each consist of two N-terminal CUB
domains and a C-terminal netrin-like (NTR) domain (81, 82).
The CUB domains of PCPE1 bind procollagen (82) in a coop-
erative manner (83), and its NTR domain can bind BMP1 and
mTLL1 (84, 85), suggesting that PCPE1 may act as a linker that
enhances procollagen-B/TP interactions. Moreover, enhance-
ment of pCP activity by PCPE1 is potentiated by heparin or
heparan sulfate, both of which bind the PCPE1 NTR domain,
procollagen, andBMP1 (85, 86), suggesting that heparan sulfate
proteoglycans (HSPGs) may foster procollagen processing in
vivo by bolstering formation of PCPE-procollagen-B/TP com-
plexes (85, 86). HSPGs may also bind PCPEs to cell surfaces
(86). PCPE1 enhancement of B/TPs seems specific to pCP
activity, as PCPE1 failed to enhance cleavage of a number of
other substrates in vitro (87). However, the extent of collagen
fibril abnormalities in tissues of PCPE1-null mice (46) suggests
possible additional roles for PCPEs. Suggestive but inconclusive
genetic studies have implicated PCPE2 in modulating serum
levels of HDL, whereas biochemical studies have shown PCPE2
to be associated with serum HDL and to be capable of binding
both pro-ApoA1 and BMP1 and perhaps enhancing pro-
ApoA1 processing by BMP1 in vitro (88). In vivo roles for

PCPE2 in modulating HDL levels and pro-ApoA1 processing
are supported by recent findings of decreased pro-ApoA1 proc-
essing and changes to HDL levels and properties in PCPE2-null
mice (89). PCPE1 is also found in serum, and differential glyco-
sylation of serum PCPE1 has been reported as a potential
marker for levels of collagen remodeling in humans (90).
PCPE1 can bind �2-microglobulin (91), although the signifi-
cance of this finding remains to be elucidated.

Scaffold Proteins

PCPEs and HSPGs are not the only molecules able to bind
both B/TPs and their substrates, thus fostering interactions. In
Xenopus, the secreted olfactomedin family proteinONT1binds
both B/TPs and chordin, thereby facilitating chordin degrada-
tion (92). Expressed dorsally in embryos, ONT1 seems impor-
tant in stabilizing dorsoventral patterning, as its loss sensitizes
patterning to disruption uponmanipulation of levels of chordin
or other factors involved in regulating BMP signaling (92).
Fibronectin (FN), a non-collagenous ECMprotein, binds BMP1
non-protease domains via multiple FN sites (93). FN also binds
various B/TP substrates, including LOX, chordin, biglycan,
fibrillar collagens, and IGFBP3; and proteolytic processing of all
these substrates is markedly reduced in FN-null mouse fibro-
blasts (15, 93, 94). Thus, FN appears able to act as a scaffold that
facilitates B/TP-substrate interactions. Although FN can
directly enhance BMP1 cleavage of chordin, procollagen I, and
biglycan in vitro, effects of FN on BMP1 activity are more strik-
ing and consistent in cell cultures (15, 93). Thus, other factors
may be important to FN enhancement of processing. Periostin,
a secreted protein expressed primarily in collagen-rich connec-
tive tissues, binds BMP1 and FN and enhances both deposition
of BMP1 into FN ECM and processing/activation of LOX (95).
Thus, periostin may act as a scaffold that, by facilitating BMP1,
LOX, and FN interactions, enhances formation of covalent
cross-links that bolster the tensile strength of dense connective
tissues.

Secreted Frizzled-related Proteins (sFRPs)

sFRPs consist of a C-terminal NTR domain and an N-termi-
nal frizzled domain. The latter has homology to Wnt ligand-
binding proteins, andmost sFRPs participate in regulatingWnt
signaling. However, sizzled, an sFRP expressed ventrally in
Xenopus embryos, does not bind Wnt ligands, but it affects
dorsoventral patterning by binding B/TPs and competitively
inhibiting their chordinase activity (96). Crescent, a Xenopus
sFRP expressed dorsally in embryos, also inhibits B/TP chordi-
nase activity and binds Wnt ligands (25), perhaps providing
cross-talk between the BMP and Wnt signaling pathways.
Together, these two sFRPs may help stabilize the dorsoventral
BMP signaling gradient, as sizzled may provide negative feed-
back that limits ventral BMP signaling, whereas crescent may
help maintain maximum chordin levels dorsally (25). The
mammalian protein sFRP2 also binds B/TPs but does not have
anti-chordinase activity (97). Instead, it seems capable of
enhancing B/TP pCP activity in vitro, and sFRP2-null fibro-
blasts show decreased procollagen processing (97). In addition,
sFRP2-null mice have decreased fibrosis and improved cardiac
function followingmyocardial infarction (MI) (97), presumably
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because B/TP procollagen processing is a rate-limiting step in
the collagen deposition underlying fibrosis and because fibrosis
inMI impairs cardiac function. sFRP2, which binds BMP1 non-
protease domain sequences, appears to enhance binding of
BMP1 to procollagen, suggesting that pCP activity enhance-
ment may occur via formation of a BMP1-sFRP2-procollagen
complex (97). A subsequent study (98) confirmed sFRP2-BMP1
binding and sFRP2 enhancement of pCP activity at physiologi-
cal sFRP2 concentrations similar to those used by Kobayashi et
al. (97) but found that 10-fold higher concentrations of sFRP2
can inhibit pCP activity and that direct injection of sFRP2 into
rat heart with MI can inhibit collagen deposition. Attempting
to explain the apparently contradictory observations of
decreased fibrosis in sFRP2-null mice (97) and decreased fibro-
sis upon injection of sFRP2 into rat heart withMI, He et al. (98)
suggested that reduced MI fibrosis in sFRP2-null mice may
result from apoptotic loss of fibrogenic cells due to loss of
sFRP2 anti-apoptotic activity. A third study reported no effect
of sFRP2 on the in vitro pCP activity of BMP1 or mTLD (61).

Endogenous B/TP Inhibitors

�2-Macroglobulin, a serum protein also produced by various
cell types, traps and irreversibly inhibits some proteases,
including the B/TPs (99). Interestingly, another B/TP inhibitor
is BMP4, which can non-competitively inhibit chordinase
activity by binding B/TPCUBdomains, thus providing negative
feedback that limits BMP signaling in regions of high BMP2/4
and B/TP concentrations (38).

Perspectives

B/TPs are implicated in manifold interactions likely to affect
key morphogenetic and homeostatic processes. Future studies
employing tissue-specific knockdown/knock-out of B/TPs, sin-
gly or in combination, to remove redundancy should provide
insights into the actual importance of such interactions in vivo.
However, this approach may be complicated by B/TPs in the
general circulation, as tissues in which B/TP expression is
ablatedmay nevertheless be infused with B/TPs produced else-
where. It will be of interest to determine whether circulating
B/TPs are complexed to other proteins that affect their stabili-
ty/activity. It seems reasonable to assume that such complexes
exist, if only to protect B/TPs from �2-macroglobulin, which is
at relatively high levels in serum and which would otherwise
irreversibly inactivate circulating B/TPs.
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Henry L. Keen, Frank M. Faraci, and Curt D. Sigmund

30363 Role of Epithelial Sodium Channels and Their
Regulators in Hypertension. Rama Soundararajan,
David Pearce, Rebecca P. Hughey, and Thomas R.
Kleyman

23527 Epithelial Na� Channel (ENaC), Hormones, and
Hypertension. James K. Bubien

17271 Obesity-induced Hypertension: Role of
Sympathetic Nervous System, Leptin, and
Melanocortins. John E. Hall, Alexandre A. da Silva,
Jussara M. do Carmo, John Dubinion, Shereen Hamza,
Shankar Munusamy, Grant Smith, and David E. Stec

11031 Chemical Biology Meets Biological Chemistry Minireview
Series. Benjamin F. Cravatt and Joel M. Gottesfeld

11033 Transcriptional Switches: Chemical Approaches to
Gene Regulation. Lori W. Lee and Anna K. Mapp

11039 Beyond the Canonical 20 Amino Acids: Expanding
the Genetic Lexicon. Travis S. Young
and Peter G. Schultz

11045 Chemical Approaches for Studying Histone
Modifications. Champak Chatterjee and Tom W. Muir

11051 Activity-based Proteomics of Enzyme
Superfamilies: Serine Hydrolases as a Case Study.
Gabriel M. Simon and Benjamin F. Cravatt

11057 Chemical Inducers of Targeted Protein
Degradation. Kanak Raina and Craig M. Crews

11061 Chemical Inducers of Autophagy That Enhance the
Clearance of Mutant Proteins in Neurodegenerative
Diseases. Maurizio Renna, Maria Jimenez-Sanchez,
Sovan Sarkar, and David C. Rubinsztein

12463 Calcium Signaling and Amyloid Toxicity in Alzheimer Disease.
Angelo Demuro, Ian Parker, and Grace E. Stutzmann

13315
□S

Use of Venom Peptides to Probe Ion Channel Structure and
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Boivin, Stéphane, 28411

Bottomley, Stephen P.,
24299, 24307

Bowers, Albert A., 27525

Brennan, Patrick J., 33577

Bresnick, Emery H., 31087

Brew, Keith, 37121

Bubien, James K., 23527

C

Cameron, Craig E., 22725

Cane, David E., 27517

Chatterjee, Champak,
11045

Chen, Caiyong, 26753

Costa-Mattioli, Mauro,
31913

Cravatt, Benjamin F.,
11031, 11051

Crews, Craig M., 11057

Cusack, Stephen, 28411

D

Dahlman-Wright, Karin,
39575

Dancis, Andrew, 26737

Darley-Usmar, Victor M.,
19699

da Silva, Alexandre A.,
17271

Daumke, Oliver, 28419

Demuro, Angelo, 12463

Dever, Thomas E., 21203

do Carmo, Jussara M.,
17271

Dranka, Brian P., 19699

Dubinion, John, 17271

Dunlap, David D., 18973
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